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PREFACE TO THE THIRD ANNUAL SOLID STATE

TECHNOLOGY BRANCH DIGEST

The Solid State Technology branch has added personnel again

this year. Two new additions to the branch roster, Dr. Felix

Miranda and Ms. Crystal Cubbage, _oth majored in physics before

coming to the branch. Each has been assigned to the investigation

of some aspect of high temperature superconductivity, an indica-

tion of the branch's (and NASA's) continuing interest in the

topic.

This volume represents one year's (June 1990-June 1991)

production of research publications. Reprints are organized into
three sections: microwave circuits, both hybrid and MMIC; materi-

als and device work; and superconductivity. In a number of cases,

comparisons with last year's digest will indicate a transition of

some technologies - from material/device work to circuit work or

from circuit work to subsystem work. The focus in the area of

fiber optic control of RF circuits has moved almost entirely to a

system effort with research being conducted almost entirely by

our sister organization, the Antenna and RF Systems Branch.

Consequently, only one paper in this area will appear in the

journal this year. In general, this type of transition is a

reflection of the avowed NASA policy to carry out a focussed

research and technology program, and to shorten the elapsed time

from research to insertion.

The first section of the journal deals with microwave

circuits, both MMIC and hybrid. Although not yet reflected in

publications, the frequency range under investigation was expand-

ed significantly during the reporting period with the award of a

contract to TRW for the development of a monolithic W-band, low-

noise amplifier and mixer based on InGaAs/InP technology. Al-

though NASA has not yet identified a need for this frequency

range, it is clear that the antenna size and power level required
for transmission of a reasonable data rate during a manned

interplanetary mission would be too large at any lower frequency.

Other circuit work, carried out in collaboration with the Antenna

Systems Branch, continues to investigate the application of

coplanar waveguide technology to a variety of antenna feed

systems and coupling schemes. This section also includes a paper

which, although it describes work using high temperature super-

conductors, appeared to have the design of microwave circuitry as

a major thrust. The feeling of the editors is that this is

another indication of technologies "working their way up the

readiness scale."

The second section of the journal contains papers devoted to

development of new heterojunction materials and devices. During

this last period, testing focus was on InGaAs/InP materials and

devices, research was carried out in collaboration with the

University of Michigan. The evaluation of MODFET materials, both

InP- and GaAs-based, by means of ellipsometry remained a major



research area. During the reporting period, a major facility, a
cryogenic RF probe station, was designed and fabricated. Although
completed too late to be reflected in this journal, this unique

facility should have a major impact on work in the upcoming year.

Finally, high temperature superconductivity continued to

provide the focus for a significant fraction of the branch staff.

A wide range of activities, from film deposition to microwave

circuit design, were undertaken and reported. In this area too,

however, the last year has seen events which will significantly
focus research efforts. Lewis Research Center and the Jet

Propulsion Laboratory have agreed to undertake a cooperative

effort aimed at the design, fabrication, testing, and delivery of

a superconducting receiver system as a candidate for the Navy's

second High Temperature Superconducting Space Experiment (HTSSE-

2).

In addition to these articles, Kul Bhasin and Regis Leonard

were responsible for editing the proceedings of an SPIE Symposium

on Monolithic Microwave Integrated Circuits for Sensors, Radar,

and Communications Systems, which took place in Orlando in April,
1991.
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MICROWAVE INTEGRATED CIRCUITS FOR SPACE APPLICATIONS

Regis F. Leonard and Robert R. Romanofsk T

NASA Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Monolithic microwave integrated circuits (MMICs), which incorporate all the elements

of a microwave circuit on a single semiconductor substrate, offer the potential for drastic

reductions in circuit weight and volume and increased reliability, all of which make many

new concepts in electronic circuitry for space applications feasible, including phased array

antennas.

Over the last ten years, NASA has undertaken an extensive program aimed at

development of MMICs for space applications. The first such circuits targeted for

development were an extension of work begun earlier in hybrid (discrete component)

technology in support of the Advanced Communication Technolo_ Satellite (ACTS). As

a result it focussed on power amplifiers, receivers and switches at ACTS frequencies. More

recent work, however, has focussed on frequencies appropriate for other NASA programs

and emphasizes advanced materials in an effort to enhance efficiency, power handling

capability, and frequency of operation or noise figure to meet the requirements of space

systems.

MONOLITHIC MESFET CIRCUITS

Background

This work has been carried out under contract with Texas Instruments, Rockwell, and

Minneapolis Honeywell and Hughes. It is aimed at ACTS-like applications namely,

communications satellites which feature multiple, electronically steerable beams. Such a

system would ideally be implemented using phased array antennas with lightweight, low

volume distributed transmitters and receivers and lightweight monolithic phase shifters

rather than the extensive network of ferrite phase shifters and switches used by ACTS. The

initial stages of development therefore were aimed at the development of the monolithic

circuitry required for such a system. Carried out between approximately 1983 and 1987 and

featuring transmitter frequencies of 20 GHz and receiver frequencies of 30 GHz, as required

for the satellite portion of the system, the program utilized as a basic device the GaAs

metal/semiconductor field effect transistor (MESFET). The program produced a number

of developments, each of which consisted of one or more monolithic chips. Some of these
are described here.
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lh__, .,,i)acc ._tation 1)n)ximily communicalions system is intended to provide

communications \vithin a radius of several 10's of kilometers of the space station. Users

_vouh] include free flying experimental platforms, the orbital maneuvering vehicle (OMV),

and astronauts in EVA. The original planning for this system utilized frequencies in Ku-

band. It is not clear at this time whether that assignment will be maintained, inasmuch as

there exists possible interference with commercial, fixed satellite services. Nevertheless,

several chips have been developed at 13-15 GHz to accommodate this application. The most

challenging of these was a variable power amplifier intended primarily for use by astronauts

during EVA. The system design requires approximately 1 watt of output power. Power

variability is necessary because of the wide variation in range experienced by the astronaut.

Of course, high efficiency is also a prime consideration. The development of the chip was

undertaken by Texas Instruments in January 1987. Their design is a four stage monolithic

circuit using dual gate GaAs MESFET technoloD-. The chip is shown in Figure 1.

GATE 1 GATE 2

300,,m 600ore 1500,,m FET

FIGURE 1. 15 GHZ MONOLITHIC VARIABLE POWER AMPLIFIER

The performance of the amplifier, compared to the design goals, is shown in Table 1.

TABLE 1.

15 GItZ t-tlC, lq 12FFICIENCY VARIABLE POWER AMPIJFIER

LI-_N 1-1{1_ FIZI_()./I-) \N!)\VII)I-il (Gt.IZ)
GAIN (dE)

MAX PO\VEI_. OUTI'U-I (\V)
t_FFICIENCY AT MAX t_OWER (%)

I:INAI. STAGE GATE \VII)TIt (MM)

DESIGN GOAL

PEI),FORMANCE

2.0/ 4.0 2.0/] v
15.0 29.6

1.0 .92

35 3O

--- 1.5
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20 GHz variable power amplifier

Since, ideally, a phased-array antenna should be able to vary the phase and the amplitude

of each antenna element independently, one desireable module for such a system would be

a variable power amplifier. Because of the stringent limitations on power consumption

imposed by a space system, it is desireable to maintain insofar as possible the efficiency of

a power amplifier while adjusting output power. For this reason, the contractor (Texas

Instruments) chose a dual gate FET as the basic device for design of this chip, and adjusted

the device bias to obtain variable output. The topology of the amplifier closely resembles

the Ku-band amplifier illustrated earlier. This was one of the earliest MMICs developed

under the NASA program. A summary of its performance compared to design goals is
shown in Table 2.

TABLE 2

TEXAS INSTRUMENTS 20 GHZ VARIABLE POWER AMPLIFIER

DESIGN GOAL

BANDWIDTH (GHZ) 2.5

MAX POWER OUTPUT (W) 0.5

EFFICIENCY AT MAX OUTPUT (%) 15

GAIN (dB) 20

4TH STAGE GATE WIDTH (MM) ....

PERFORMANCE
2.5

0.25

<10

20

1.2

High power 20 GHz amplifier

A second 20 GHz chip focussed entirely on the production of the maximum possible

20 GHZ power in a monolithic chip. Once more the contractor was Texas Instruments. This

effort resulted in a three stage amplifier using single gate FETs. In order to achieve the

desired power output, each stage features multiple parallel gates (as many as 32 for the

output stage). The chip performance is summarized in Table 3.

TABLE 3.

TEXAS INSTRUMENTS 20 GHZ HIGH POWER AMPLIFIER

DESIGN GOAL

BANDWIDTH 2.5

MAX POWER OUTPUT (W) 2.5

EFFICIENCY AT MAX POWER (%) 20

GAIN (dB) 15

LAST STAGE GATE WIDTH (MM) ....

PERFORMAN(_E
2.5

>2.0

16

18

3.6



20 GHz integrated transmitter module

Ultimately, one desires to incorporate all the elements of a transmitter module (phase

shifter, variable power amplifier, and power amplifier) on a single chip. The advantages of

such high level integration include: improved reliability, compactness, potential performance

enhancements, and reduced cost. Such a project was pursued under contract with Rockwell.

The chip produced a 21 dBm output power with 15 dB gain. A picture of the module

developed under this effort is shown in Figure 2.

FIGURE 2. Rockwell 20 GHz Transmit Module

30 GHz integrated receiver

Active phased arrays have been proposed for a number of NASA applications, including:

array feeds for deep space communications, multiple-beam satellite communications,

hemispherical coverage multiple access communications for space station Freedom, orbital

debris tracking for space station Freedom, and adaptive arrays for distorted reflector

compensation. To enable the practical implementation of scanning arrays, the complexities

of device and antenna integration must be solved. As a preliminary step, prototype 30 GHz

receiver modules were developed by Hughes and Honeywell. Honeywell developed an

interconnected MMIC receiver for which all functions were performed at the RF frequency.

The device consisted of a two-stage 0.25 by 100 micron gate FET low noise amplifier

(LNA), a two-stage dual-gate gain control amplifier, and a four bit switched-line/loaded-line

phase shifter. The receiver produced a noise figure of 14 dB at maximum gain (13 dB) and

achieved full 360 degree phase coverage in nominally 11.25 degree increments. Ultimately,

the LNA would require six stages of amplification, which would reduce the noise figure, in

principle, to about 5 dB. Hughes was directed to implement phase shift control at the LO

frequency and gain control at the IF. The advantage of this approach is that the array beam

forming network can be implemented at lower frequencies, albeit the benefit could be offset

by the need for a mixer at each antenna element. In fact, the mixer was perhaps the most

troublesome component in both designs, providing a best case conversion loss of 8 dB.
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HIGH PERFORMANCEMONOLITHIC CIRCUITS

Background

It is clear that all of the GaAs MESFET-based modules, although they constituted

benchmark achievements at these frequencies, suffered from many of the same problems

as the earlier hybrid implementations of solid state technology. For the power devices, their

efficiencies make their use marginal for space applications, except in very limited numbers,

such as would be required if they were used as a driver for a higher efficiency final stage.

An attempt to use multiple chips with any kind of combining would lead to prohibitively

large prime power requirements. For receiver modules, the noise figures obtained using

MESFET technology are not competitive with that which can be attained using discrete

devices and custom-tuned circuits. However, recent advances in semiconductor materials,

enabled by the development of molecular beam epitaxy (MBE) techniques, have drastically

improved the performance which basic devices can achieve. Typically, power-added

efficiencies near 50% can be obtained for a single device at frequencies near 30 GHz. While

device noise figures less than 1 dB are possible at 60 GHz.

At the present time NASA Lewis is sponsoring the development of monolithic chips

based on heterojunction devices. Two of these at 32 GHz are for possible use in the space

(transmitter) portion of the deep space communications network. The third and fourth at

60 GHz are intended for application to intersatellite communications, such as might be

required by Advanced TDRSS or lunar/Mars exploration. A fifth chip will operate at 95

GHz, with potential applications in interplanetary communications, or in earth-observation

systems.

32 GHz Amplifiers

In another application the NASA deep space communications network is considering

a conversion to Ka-band. The primary motivation for such a change is the significant

increase in antenna gain (for a fixed aperture size) and the corresponding decrease in power

requirements (for a fixed data rate). Increased antenna gain, however, implies smaller beams

and therefore more stringent pointing requirements. Such a situation, of course, is ideal for

implementation of an electronically steerable phased array, which does not disturb other

critically-pointed spacecraft instruments (experiments or sensors) in the way a mechanically

steered antenna would. To support breadboard evaluations of such a system, 32 GHz power

amplifier modules are under development. The contractors executing these efforts are Texas

Instruments and Hughes Aircraft. The TI work has been under way since May, 1985, and

is near completion, while the Hughes effort was initiated in June 1988.

TI proposed and originally designed amplifiers using GaAs MESFET technology, but

was directed, after approximately 18 months work, to concentrate on heterojunction devices.

Specifically, they have investigated A1GaAs/GaAs HEMT structures and pseudomorphic

InGaAs/GaAs structures. At this point it is clear that the pseudomorphic technology

7
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GaA$ Cap Layer 400

AIo.23Gao.77As 2 x 10 TM 500

Ino.lsGao.esAs 2 x 10 TM 100

GaAs 2 x 101s 80 ,_

GaAs Buffer 1 _m

Substrate

FIGURE 3. Texas Instruments' Pseudomorphic Power Amplifier Structure

The performance parameters for two of the pseudomorphic chips developed under this

program are shown in Table 5.

TABLE 5.

TEXAS INSTRUMENTS 32 GHZ MONOLITHIC POWER AMPLIFIER

PERFORMANCE

BAND\VIDTH (GHZ)

GAIN (dB)

GATE LENGTH (uM)

FINAL STAGE GATE WIDTH (MM)

POWER OUTPUT (roW)

EFFICIENCY (%)

3-STAGE AMP 1-STAGE AMP

2.0 2.0

23 4.6

0.25 0.25

.25 .25

190 460

30 24

The la\_)u.: of the .,.;c_--,,a_e 2.6 mm by 1.2 into MMIC amplifier ;_ sht,wn in figure 4.

I-I(;IIRI" 4. l'l's 3-STAGE MONOLITHIC 32 GHZ AM1)IAFII<II



In a parallel 32 GHz effort Hughes Aircraft Corporation's Microwave Products
-,,)Division and Malibu Research Laboratories are collaborating on the development of a .__

GHz variable power amplifier. The design goals for this chip are shown in Table 6.

TABLE 6.

DESIGN GOALS FOR HUGHES 32 GHZ VARIABLE POWER AMPLIFIER

BANDWIDTH (GHz)

MAX POWER OUTPUT (mW)

EFFICIENCY AT MAX POWER(%)

GAIN AT 1 DB COMP. (dB)

2.0

150

40

15.0

The Hughes contract, like most such developments at this time is to be carried out in

several phases. These will consist of (1) the optimization of a single gate device design, (2)

the development of a single stage amplifier, (3) the development of a dual gate device, (4)

the design, fabrication, and test of a three-stage, single gate amplifier, and finally, (5) a

three stage dual gate amplifier. In the 16 months that the Hughes team has been under

contract, they have carried out the first two phases. The epitaxy which they have selected

for the basic device is similar to that utilized by TI, except that Hughes has elected not to

dope the active layer. It does, however, utilize a single active InGaAs layer with donors on

each side. The structure and performance parameters for the basic 32 GHZ device are

shown in Figure 5.

AIx,G_.,_Ls _ Sl PLANAR
/ IX)MNG

OaAI

_'--Sl PLANAR
OOP1NG

$1 _ IAIII_'RATE

FREQUENCY

GAIN*

POWER OUTPUT*

EFFICIENCY*

GATE WIDTH

GATE LENGTH

32.0

4(5) dB

222(123)mW

23(41)%
300 uM

0.2 uM

*tuned for max power(eft)

Figure 5. Structure and Performance of Hughes 32 GHz l'ower MODFET

This device has been incorporated into a single stage amplifier which exhibited an output

power of 125 mW at 21% efficiency with 5.5 dB gain. This amplifier is intended as the third

stage of the final monolithic module. These results represent the first iteration of this chip,

and significant improvement is expected before the program ends.

9



(_()(;ltz Amplifiers

In addition, under the same contract, ttughes is developing a 60 GHz monolithic

power amplifier. The justification for this program is eventual application in intersateltite

links. Although NASA's plans for the Advanced Tracking and Data Relay Satellite

(ATDRS) do not presently call for 60 GHz crosslin_, it seems likely that if such technoloD,

were available it would eventually find application in that area. The performance goals for

_l_c program, are shown below in "Fable 7.

TABLE 7. Performance Goals for Hughes' Pseudomorphic 60 GHz

Power Amplifier

BANDWIDTH (GHz)

MAX POWER OUTPUT (W)

GAIN (dB)

EFFICIENCY (%)

2.0

0.1

15

30.0

At 60 GHz Hughes is using the same basic pseudomorphic device structure as at 32 GHz,

although the gate lengths have been shortened somewhat (0.1 to 0.15 uM). The layout and

the performance achieved for a single stage amplifier are shown in Figure 6. The chip is

approximately 1.5 mm long. As in the 32 GHz module, the amplifier shown is intended as

the third (high power) stage of the completed monolithic amplifier.

POWER OUT 112 mW

GAIN 6 dB

EFFICIENCY 26%

FIGURE 6. Hughes Single Stage Monolithic 60 GHz Amplifier

FUTURE ACTIVITIES

lO



Phased Array Development

The 32 GHz power amplifier modules developed by Texas Instruments and described here

are scheduled to be incorporated into a breadboard transmitter array antenna which will

also utilize phase shifters developed under NASA Lewis sponsorship. This work is being

carried out at NASA's Jet Propulsion Laboratory, where a two dimensional array is expected

to be completed late in calendar year 1990.

The Hughes work at both 32 Ghz and 60 Ghz is probably at least a year away from being

used even in a breadboard system. Although the contract is scheduled for completion in

early 1991, it has yet to address what has been one of the major difficulties in the

fabrication of a multistage power amplifier - inadequate large signal device models. It has

been a common experience for a designer to develop excellent individual stage amplifiers,

which meet all the requirements of the overall power and gain budget, only to find that the

multistage module performance falls far short of the program requirements. Consequently,

it appears optimistic to expect that Hughes will complete their development by 1991. 1992

would appear to be more realistic. At that time, it is anticipated that a 60 GHz breadboard

array will be built, either at JPL or at NASA Lewis. As with the Ka-band array, it will utilize

monolithic phase shifters which are being developed in parallel at Hughes.

W-Band Receiver

The most recent MMIC developmental effort is the production of a 94 GHz receiver.

Potential applications include deep-space communications, radiometry, and orbital debris

tracking radar. Goals of the program include a noise figure of 3.5 dB and a gain of 18 dB.

It is anticipated that the ambitious goals of this program will necessitate a technology based

on InP, rather than traditional GaAs.
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COMPARATIVE STUDY OF BOLOMETRIC AND NON-BOLOMETRIC

SWITCHING ELEMENTS FOR MICROWAVE

PHASE SHIFTERS

Department

Kusood Tabib-A_ar

Cue Western Reserve University
of Blectrical Engineering and Applied Physics

Cleveland, Ohio 44106

and

Kul B. Bhasin and Robert R. Romano_sky
National Aeronautics and Space Administration

Lewis Research Center

Cleveland, Ohio 44135

This paper compares the performance of semiconductor and high-T c superconductor switches as they are

used in delay-line-type microwave and millimeter-wave phase shifiers. We compare such factors as their

Patios of the off-to-on resistances, parasitic reactances, power consumption, speed, input-to-out'put

isolation, ease of fabrication, and physical dimensions. Owing to their almost infinite off-to-on resistance

ratio and excellent input-to-output isolation, bolometdc superconducting switches appear to be quite

suitable for use in microwave phase shifters; their only drawbacks are their speed and size.

We also discuss the SUPERFET, a novel device whose operation is based on the electric field effect in

high-T c ceramic superconductors. Preliminary results indicate that the SUPERFET is fast and that it can

be scaled; therefore, it can be fabricated with dimensions comparable to semiconductor field-effect

transistors.

11.INTRODUCTION

Phase shifters are an indispensable part of phased-an'ay microwave antenna systems. There are many

different realizations of phase shifter,s, which can be broadly divided into analog and digital types [1].

Here we confine ourselves to only digital and planar configurations. Specifically, we will discuss

microstrip line phase shifters [2].
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Three parameters can be altered to cause a phase shift in an electromagnetic wave traveling on a microstfip

line. These are velocity [3], path length [1], and reactance [4] (or the load in a transmission line that

effectively changes the group velocity). Changing the velocity or path length is straightforward. Changing

reactances is more involved and it is usually so frequency sensitive that it is rarely used except where

f_equency-dcpendent phase shift is sought. Changing the wave velocity is relatively easy in a traditional

waveguide; so it is used extensively with rectangular waveguides, though not in microstfipline-based

systems. Inducing a change in the wave velocity requires an el_tro-opfic substrate such as GaAs, whose

permittivity or refractive index can be altered by an external electric field (only recently has attention been

given to this approach [5]). Routing the microwave through paths of different length (delay lines) is a

practical way of inducing phase shift that we will consider in more detail.

Figure 1 shows a delay line phase shifter that uses electronic switches to route the microwave through

different paths. Ideally, these switches would have an infinite off-to-on resistance ratio and would not

interfere with the propagation of the microwave; also there would be no interaction between the control

signal of the switch, and the microwave. In the following sections, we will discuss semiconductor and

superconductor switches and we will compare their performances.

_./4
X/4 l ,,

Figure I Delay line Phase shifter.

X/4 I ;L14

II. SEMICONDUCTOR SWITCHES

PIN diodes [6] and field effect waasistors [7] are used as semiconductor switches in delay-line phase

shifters. PIN diodes are also used as varactors in analog phase s_, as are FETs in amplifier-type

phase shifters. Dual-gate FETs [8] have become popular in analog phase shiftea's because a single device

can both amplify and switch a signal; essentially they an: de-gain-controlled microwave amplifiers and

phase shifters.

PIN diodes are extensively discussed in the literatm_ (for example, see reference 1). They

are minority-carrier devices and, therefore, their power consumptions are high. They have a storage delay

time of 0.2 }as and "on" resistance of 0.5-5 f2 [9,10], but are relatively lossy with an "off" resistance of 1-

4 M.Q and capacitance of 0.4-0.8 pF [9,10]. The physical dimensions of a low-power PIN diode in the
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unpackagedplanarform is approximately25gmx 1001am.However,sincetheyrequireabiasingcircuit
theiroverall effectivedimensionsaremuchlarger.

ME$FETs and MISFETs. These devices have been developed extensively in recent years, and they

are used in microwave monolithic inte,mrated circu,:ts (usually GaAs based) successfully. They are

majority-carrier devices and require little power. They have an "on" resistance of 0.5-5 f_ [9,10], but are

lossy with an "off" resistance of 1-40 K.Q and drain-to-source capacitance of 0.4-0.8 pF [9,10]. Their

switching speed is as high as 0.1 ns. Low-power FETs in the unpackaged planar form are 1001.tm x

1001.tm. However, since they require a biasing circuit, their overall effective dimensions are much larger.

IH. _UPERCONDUCTING SWITCHES

Superconductor switches that can be used in phase shifters are of the following types: (1) bolometric

devices heated by light [ 11,12] or by an overlay polysilicon or metallic heater, (2) devices photonically

controlled by laser excitation [13], (3) magnetic field effect devices controlled by the magnetic field of an

inductor loop [14], (4) transverse electric field effect devices controlled by charging a gate electrode [15-

21], and (5) longitudinal electric field effect devices controlled by current density [21].

Bolometric Devices. In Figure 2a, we show a phase shifter that uses superconducting-normal-

superconducting switches in place of bET/diode switches. The switches are fabricated from high

temperature thin films of YBa2Cu307. x. The switches operate in the bolometric mode with the film near

its transition temperature. Radiation from a light source raises the temperature higher than the film's T c

and consequently causes the film to become resistive. When the light is on the microwave signal travels

past the switch; it is reflected when the light is off. To achieve the desired phase shift, the paired switches

on the same side are illuminated. Figure 2b shows the predicted behavior for a phase shifter with an R s

• ' - 15.00

i_l @ IHSEIIIION 411[IL[C TIOHLOSS-dB LOSS LOSS

34

-3O

Figure 2

(a)

550 _8_ flI[O-CHZ It

a) A delay line phase shifter with bolometric switches, b) Insertion and reflection

losses of a delay line phase shifter that uses superconducting switches.
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value thatis thesameasgoldat77K (0.1_) andhavingaR s of I_'/ in the normal state. It has an

exceptionally narrow insertion loss envelope and excellent return loss.

Bolomctric switches have an "on" resistance of nearly 0 F_ and an "off" resistance of 0.I-4 k_. In

microwave application,theirkineticinductanceand skinresislancemust alsobc takenintoaccountin

calculatingtheir"on" impedance.These switchesarcapproximately25pro x 1000pro.Their speeds,

however, arc very low-around Is.They can bc redesigned,however, toIx:as fastas 10_ts[12]

We have fabricatedthe above phase shifterand we now discussthebolometricresponseof one of its

switches.Figure 3 shows theresistanceversustemperaturecurve ofthisswitch.The transitionwidth is

somewhat large-aboutIK. This ismainlydue totheverynarrow channel. Figure3 also shows the

bolometric response of thisswitch.Wc willreportthemicrowave characteristicsof thisphase shifterin

the future.
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graph (solidline)and thebolomctic

re.sponscof a super_nducfing switch.To

obtainthebolomctricresponse,thedevice

was illuminatedwith a 5roW HcNc laser

thatwas chopped at4 I--Iz.The channel

width was 10 }.tinand the channel length

was 0.5 ram.

A typicalfabricationsequence startswiththegrowth oftheHTS film,followedby itspatterning,eu:hing,

and metallization. Growth of the YBa2Cu307. x films on microwave substrates is discussed in r_ferences

23-26. Patterning is discussed comprehensively in reference 25.

Bolometric devices are quite easy to fabricate. ARer the film is grown, it is patmmed and the bolometer is

defined. Then the devices are annealed in an oxygen rich environment to increase the oxygen content in

the film and to compensate for any losses that might have occtu_ in the previous stages. In reference 25

we discussed the side effects of the patterning of HTS YBa2Cu3OT_ x films comprehensively. We
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concluded that patterning lowers the T c of the film by only a fraction of a degree-for all practical

purposes, negligible. A more significant problem is the potential non-uniformity of Tc over the film. In

the case of the bolometric devices, where all the devices are thermally biased near their transition

temperature, a spatial non-uniformity in Tc is not acceptable and local control over the bias temperature

way be required. The degree of the spatial non-uniformity of Tc depends on the growth technique. In

laser ablated-films, non-uniformity of Tc is only fraction of a degree over a 1 cm 2 wafer.

As growth techniques mature, highly uniform films will become a reality and the scatter of Tc of these

devices may soon be within 1/10 of a degree for a 1 cm 2 microwave circuit. Meanwhile, we may solve

this problem by locally tailoring the Tc of a device by laser heating, which causes a preferential oxygen

loss in the HTS film of the device and therefore lowers its Tc. This technique can be used to lower the T c

of all the devices on a wafer accurately to 77 K so that rather inexpensive liquid nitrogen can be used

directly without a temperature control unit.

Photonic Devices. Non-equilibrium optical excitation can be used to switch the state of a

superconductor to normal conductivity [ 13]. In the case of ceramic superconductors, the coupling cross

section between the photons and charge carriers is not known yet. It is not clear whether this cross section

is large enough to allow the useful employment of this excitation process in superconducting switches.

The speed of such a device, however, will surpass all other devices discussed here.

Maznetic Field Effect Devices,In these devices, an inductive loop generates a magnetic field parallel

to the a-b plane of a YBa2Cu307. x film as shown in Figure 4. YBa2Cu307. x is a type rl superconductor

and vortices can be easily generated in it by relatively low magnetic fields [14]. A vortex containing a

quantum of magnetic flux in the presence of a current leads to dissipation of energy in the film, so vortices

can be generated to effectively increase the resistivity of the film or to destroy its superconductivity.

Gold/Titanium Gate

Superconducting
Channel N

C013.S t.a.1"lt ¢t.l.t'Terlt •

Figure 4 Schematic of a magnetically

controlled superconducting switch.

DIELECTRIC SUBSTRATE J ¢'

MgO, LAGaO 3 , LaAIC 3 /
ZrO 2, SrTiC 3
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Transverse Electric Field Effect Devices. These devices operate on a principle very similar to

that of FET devices, where the electric field effect controls the conductivity of the channel. Because T c is

a function of the carrier density in superconductors[ 15-22], we propose to control T c by electrostatically

eontroUing the surface charge density of a superconducting channel [21]. The feasibility of this idea has

already been demonstrated in normal superconductors [15-17]. In normal superconductors, T c is a weak

function of the electric field. However, in ceramic superconductors T c can be made to be a strong

function of an applied electric field because the normal carrier densities in these materials arc an order of

magnitude less than in metallic superconductors. Moreover, carrier density in ceramics can be tailored by

doping [22].

Figure 5a shows a superconducting electric field-effect device [21]. This structure consists of a thin

channel a few thousand A thick and 5-50lain wide, consisting of the superconducting material with two

pads at each end to allow four point resistance measurements. Ohmic contacts were made directly to the

superconductor by attaching 2 mil gold wires with a wedge wire bonder. A Schottky contact was made

to the superconductor structure midway along the channel by depositing on the sample 10rim of titanium

followed by 200nm of gold by evaporation. It is believed that interaction of titanium with the oxygen in

the superconducting material is responsible for the Schottky behavior. Patterning of this contact was

- ! ! i !

done by the lift-off technique. 0.15 [ f
Sl.llXa.oondl.lctin I Si nN4 Gold/Titll_ium Gate
Otmmel _ . . . I.. ". .... • "•_,_ "s "• ", "• "• Electrical CharacteristiCs of_

"'""V"""""""" +.... " __,,=oCOTtII,IgII _s_•

s s ,_ • • • • • •

,+% %• '_•%•'_ %•%

I

MIIO. LAGaO_ L.aAIO 3 0.00 t• | I | • I I t " . I

z,%. scri% - (a) (b) 2o 4o 6o so
TEMPERATURE (K)

Figure 5 a) Schematic of an electric field-effect superconducting transistor, b) The resistance

versus temperature characteristics of the electric field-effect transistor with two

different gate biases of 0 and 2 volts. The channel current was 0.5 mA. The channel

width was 10 p.m and its thickness was 2000 _. The gate width was 10 p.m.

The AC resistance of the channel at lkHz was measured as a function of temperature while different DC

voltages were applied across the Schottky contact and the ground pads (see Figure 5b). As Figure 5b
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shows,thetransitiontemperatureof thechannelcanbeloweredconsiderablyby thisvoltage.For this
device,theinfluenceon thetransitiontemperatureisdueto thecriticalcurrentbeingexceededby the

appliedgatevoltage.We arenowrefiningour fabricationprocedureto takeadvantageof weaklinks

betweenthesuperconductinggrainsandto modulatethecurrentby modifyingtheintergranularbarrier

heightsusingtheelecu'icfieldeffect. Thisdevicecanswitchbetweenazeroresistanceimd several

hundred Ohms if it is maintained just below the transition temperature at T s (Figure 5b).

Field-effect switches have an "on" resistance of 0 t'l and an "off" resistance of 0.1-4 k_. In microwave

application, their kinetic inductance and skin resistance must also be taken into account in calculating their

"on" impedance. These switches are about 50gin x 10001.tm, and they can easily be scaled down to the

size of a typical semiconductor FET.

Fabrication of the active field-effect superconducting device is slightly more involved than that of a

bolometric device, because it requires an insulating layer between its channel and gate. However, the lift-

off technique has been conveniently used to define the insulating layer, as discussed in reference 21.

Since the gate voltage or current (in the case of magnetic field effect devices) can be used to change the

channel resistance, the requirement of spatial uniformity ofT c is not as stringent for field-effect devices

as it is for the bolometric devices.

Longitudinal Electric Field E_ffect Devices. A pseudo-three-terminal switch is shown in Figure

6. In this device, exceeding the critical current density between the gate and the source turns off the

superconducting drain-to-source channel. This device offers very poor input-to-output isolation (almost

zero) and excellent off-to-on resistance ratio (almost infinity). It is also extremely easy to fabricate and

does not require a heat or light source. Current sources have large impedances; for this device to work,

the impedance of the switch in both the "on" and "off" states must be smaller than that of the biasing

circuit at microwave frequencies.

I

I I | I I | 1_ I I I I I I I ii

I .I __lI
I l 1_ [ l I I/' l_J-_l_]_J_[_L,I1

I I 1 I 1 I ,I [ I I I I I I II ±

Figure 6 Schematic of a longitudinal electric field-effect device.
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IV. DISCUSSION & CONCLUSION

To compare the performance of the above devices, we show their pertinent parameters in Table I. In this

table "speed" is the inherent switching speed of the corresponding device. The off-to-on resistance ratio

is denoted by "Roft4Ron" and is measured at de. For bolometric devices, Roff/Ron is not infinite because

thesedevicesarc thermallybiasedslightlyabove theirzero-resistancestateformaximum responsivity.

The capacitanceintheoffstateisdenoted by "Coff"and ismcasm'ed at1MHz. A more relevantparameter

inanalysingthesuperconductingmicrowave switchisitskineticinductanceand skinresistance.We have

not considered thesehere.High-frequency considerationswillonly resultin somewhat lower off-to-on

impedance ratios.The power needed tomm on adeviceisdenoted by "P."This power isonly an

estimateand, therefore,itisdiscussedqualitatively.The isolationbetween theinput(controlsignal)and

theoutput (microwave) isdenoted by "in/outisolation."For bolomctricand photonicdevices,theinput-

outputisolationisvery large,almostinfinite.Sizeisdenoted qualitatively,takingintoaccounttheentire

circuit.The complexity of theswitchingcircuitand ks fabricationarcalsodescribedqualitatively,lightly

takingintoaccountthefabricationstepsand issues.Table Ishows thatthebolomctricswitchesarcvery

easy tofabricateand thattheyofferexcellentinput-to-outputisolationas wellasa good off-to-on

resistanceratio.Theironly drawback istheirspeed.Non-bolomctric superconductingswitches,on thc

other hand, are very fast.
ZMtL,F.,J

Device Speed
Roff

Ron

Coff

(pF)

Po_I S_.e Circm_

/Fabric.

PIN 200 4x106 0.4 high small rmsd. high

MESFET <I 8x104 0.4 reed small small m,ed.

<1

10 4

I0"3

MISFET I0 5

> 107

>10 7

Bolom_tric

0.2

<0.1

<0. i

<0.i

0.4

Photonic

low

high

IO'W'

rned.

IOW

LEFET #

large

low

highTEFET)

small

med.

med.

_d.

_'_d.

0.I

_d.

lOW

high

m.ed.

rr_d.

# LongitudinalEl_ctncField-Effect_ist_r.

$ "I'ra.r_wmeElectricField-EffectTransistor.
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1. INTRODUCTION

Phased-array antennas long have been investigated to support the agile, multibeam radiating apertures with rapid

reconfigurability needs of radar and communications. With the development of the Monolithic Microwave

Integrated Circuit (MMIC), phased array antennas having the stated characteristics are becoming realizable.

However, at K-band frequencies (20-40 GHz) and higher, the problem of controlling the MMICs using

conventional techniques either severely limits the array size or becomes insurmountable due to the close spacing

of the radiating elements necessary to achieve the desired antenna performance.

Investigations have been made that indicate using fiber optics as a transmission line for control information for

the MMICs provides a potential solution [ref. 1]. By adding an optical interface circuit to pre-existing MMIC

designs, it is possible to take advantage of the small size, lightweight, mechanical flexibility and RFI/EMI resistant

characteristics of fiber optics to distribute MMIC control signals. This paper will describe the architecture, circuit

development, testing and integration of optically controlled K-band MMIC phased-array antennas.

2. PHASED-ARRAY ANTENNA ARCHITECTURE

NASA Lewis Research Center's Space Electronics DMsion has been investigating using MMICs in K-band phased-

array antennas. Due to the 0.6 lambda radiating element spacing required to eliminate grating lobes in the front

radiating hemisphere (+,- 90°), the distance between elements is 5mm (200 mils) at 30 GHz. The previous

MMIC development at NASA-Lewis [ref. 2] has yielded devices at this frequency. The device of greatest

importance, the phase shifter, is approximately 250x125 mils in dimension. This size rivals that of the radiating

element and consequently forces equally close spacing of the MMICs. Spacings this close do not allow for

conventional interconnects to be used. Therefore, a decision to exploit fiber optics was made and a contract to

develop a low power, high speed OptoElectronic Interface Circuit (OEIC) was begun by Honeywell's Science

Center in 1986 [ref. 3].

3. HYBRID OEIC DEVELOPMENT

A hybrid OEIC was delivered for verification in 1989. The circuit features an optical receiver comprised of an

interdigitated (2urn finger width, 5urn finger spacing) PIN photodiode and a three-stage (-10dB/slage),

capacitivcly-couplcd, differcntial Low Noise Amplifier (LNA) with approximately 100mW of power consumption

[fig 1]. The hybrid OEIC design used a second circuit design under a second NASA contract [rcf. 4] to providc

1:16 demuhiplexing and GaAs to TTi_ logic level level shifting. The hybrid design requires external clocking,

synchronization and level shifting to complete the interface to the 30GHz MMIC phase shifter. As configurcd,

Optoelectronic Signal Processing for Phased-Array Antennas 1I.vol. 1217, 1990,pgs. 255-259

23



thehybridOEICtakesaserialopticalinputanddemultiplcxesit into16TTL level outputs. The ma_mum data

rate that the optical receiver can support is lGbps; however, the dcmuhiplcxcr limits the data rate to only

300Mbps.

4. HYBRID OEIC TESTING AND EV.M_,UATION

As detailed in rcfcrcncc 3, the hybrid OEIC performance was tested and verified. The inhercnt delay bct',,,ccn

tt'.c optical and clcctrical interface signals is accommodated for using adjustable time-delay pulse generators. The

MMIC phase shifters require 0 and -6 volt switching levels which are provided for by exlernal CMOS analog

multiplexers. Two different characterization/verification tests were made as described below.

The first test evaluated the hybrid OEIC characteristics and functionality [fig. 2]. A 64-bit NRZ-format word was

cycled, and after external clock and synchronization signal timing was adjusted, the corresponding TTL level output

bit signals were measured. The optical power required to obtain repeatable performance was > 200u\V, and the

overall po_.'er consumption (dependant on termination impedance and demuhiplexer output magnitude) was

measured to be as low as 120mW.

The second test used the hybrid OEIC together with a 30GHz MMIC phase shifter. Employing an interfcrometric

technique, the switching of the phase shifter by the hybrid OEIC could be measured by monitoring the constructive

and destructive interference effects at the interferometer output with a crystal detector [fig. 3]. The ex'lernal level

shifter limited the test switching frequency to 2MHz; however, the use of this technique verified the hvbrid

OEIC's abilities to control the 45°, 90° and 180" bits of the phase shifter.

5. MONOLITHIC OEIC

While a fully monolithic OEIC was the anticipated deliverable from the OEIC contract, a materials processing

problem prevented the successful development of the low power demultiplexer which inevitably led to a hybrid

approach using a known, working demultiplexer (slower in speed and higher in power consumption). Further

investigation by Honeywell into the processing problem finally led to the fabrication of usable full)' monolithic

devices [fig. 4]. The new devices feature the integraled optical receiver as before but require only an external

clock signal. Synchronization is generated internally on the OEIC.

Future generations of full)' monolithic OEIC designs vAll be augmented to pro,Ade enhanced performancc and

functionality. The current fully monolithic OEIC still requires a delay adjustable external clocking signal and when

used in a phased-array of an appreciable size, will require adjustable delays for each MM1C in the array to

account for the signal delay to the distributed MMIC elements. This can partly be corrected for by encoding the

clock signal into the data stream and adding the necessary decoding circuits to the OEIC. Also, the OEIC is not

a "smart" device. As it is currently configured, it relies upon the circuit sending it data to sort out its data from

the data being sent to other OEIC/MMIC modules.

Distributed intelligence architectures as mentioned above are a relatively new concept for phased-array antennas,

which heretofore relied upon single point array control. However, the OE1C circuitry is perfectly suited to

combine all of these functions together. The design techniques to allow for independent address decoding, on-

chip "look-up tables" and autonomous control are well-known and could be implemented in future OEIC/MMIC

generations. NASA plans to investigate distributed intelligcncc architectures in future designs.

6. PI.,,_N'NED INTEGRATION AND TESTING

The critical issue to address in utilizing the OEIC in phased-array antennas is how to integrate the OEIC inl-o
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the overall array architecture. NASA is designing and planning to evaluate techn}ques to address the integration

issucs. Lcvcraging off a NASA-Lewis program to dcvelop MMIC packaging and characterization techniqucs above

20GHz [ref. 5], a package to house a new generation of 32GHz MMIC phase shifters will be designed and

fabricated.

Because the OEIC requires no ground plane for operation, it can be isolated from the ground plane necessary

for both the MMIC and the radiating patch antenna. A carrier has been designed to mount the full)' monolithic

OEIC on, which minimizes the number of bias and external control signals [fig. 5]. The OEIC carrier is then

epoxied onto the lid of the MMIC phase shifter package. This "piggy-back" approach results in two levels of wire

bonds from the OEIC carrier [figs. 6 &8]. One set of bonds connect the OEIC carrier to the top surface

bias/clock distribution board, while a second set a bonds connect the OEIC data output lines to the MMIC

package. Although it is not desirable to have two-level wire bonding, it is believed that "flip-chip" and via hole

connection tcchniques could be used to eliminate these problems, and stable, reliable connections would be

realized.

In order to test the integrated OEIC, NASA will design and build (in-house) an optical transmitter/controller

suitable to control up to a 16 element optically controlled MMIC phased-array antenna. The transmitter/controller

will use LEDs as channel signal sources and will provide for external clocking signal delays. When complete, the

phased-array will bc tested by measuring the antenna beam performance as the antenna is optically/electronically

steered.

7. CONCLUSIONS

This paper has presented and discussed the use of fiber optic distribution of control signals in K,-band MMIC

phased-array antennas. Through the development of OEICs and their subsequent combination with previously

developed MMICs, it has been shown that a potential solution to distributing control information to MMICs in

closely-spaced arrays is possible. Further, a plan to integrate OEICs into MMIC phased-array antennas has been

outlined, and future modifications to the OEIC have been discussed.
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ABSTRACT

A seven element microstrip subarray of hexagonal

geometry has been designed and tested at S-band

frequencies. The microstrip patch antenna is excited at

a single feed position using a direct probe type

connection to generate a circularly polarized (CP) wave.

The RF power is coupled to these feed positions by a

novel coplanar waveguide/stripline feeding network. The

paper describes the subarray architecture and the feed
network in detail. The measured results include the feed

network characterization as well as the radiation

patterns of the subarray.

INTRODUCTION

Microstrip patch antennas have many salient

features such as low cost, light weight, thin profile,

conformability and ease of fabrication which makes them

attractive for satellite communications applications.

These antennas can be excited to radiate linearly

polarized or circularly polarized (CP) waves using only

a single feed. For linear polarization, a rectangular

patch antenna is excited with the feed located near the

center of one edge to achieve proper impedance matching.

To generate CP waves without the use of phase shifters or

hybrid couplers, a nearly square patch must be used with

the feed position determined as given in [I].

This paper describes the architecture of a seven

patch hexagonal CP planar subarray (Fig.l). The seven

patches are fed in equal amplitude and phase by a novel

probe type feed network. The feed is formed by a multi-

layer network which is realized using a combination of

coplanar waveguide (CPW) and balanced stripline.

*Summer Student Intern at NASA Lewis Research Center.
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FEED SYSTEM DESIGN AND PERFORMANCE

The feed system consists of a 7-way radial CPW

power divider network [2], a balanced stripline line

stretcher and a CPW to stripline coupler. The RF power to

the radial CPW power divider network (Fig.2) is fed by a

coaxial line. The axis of the coaxial line and the plane

of the CPW circuit are orthogonal. Thus the inner

conductor of the coaxial line meets the junction formed

by the intersecting center strip conductors of the CPW.
The outer conductor of the coaxial line is slotted and

meets the ground planes of the CPW. In this manner, the

seven radial CPW lines are excited in equal amplitude and

phase [2]. The measured return loss at the coaxial input

port, the power coupled to any one of the seven output

ports and the isolation between any two output ports are

shown in Figures 3(a) thru 3(c). At the design frequency

of 2.2875 GHz, the measured insertion loss is only 0.15

dB more than the 8.45 dB theoretically expected for a

seven way divider. The return loss and the isolation are

better than I0 dB and 15 dB respectively.

The output signal from the power divider is

coupled to a balanced stripline line stretcher by a post

coupler. The line stretcher equalizes the path length to

each of the seven patch antennas. Finally, the signal

from the line stretcher is coupled to the patch antennas

by a second post coupler which also works as a probe

feed. Figure 4(a) shows a CPW to a balanced stripline

post coupler. In this coupler, the center strip conductor

of the CPW and the strip conductor of the stripline are

electrically connected by a metal post. The metal post

enters the stripline through an aperture in the ground

plane. The ground plane of the CPW and the stripline are

connected together by bond wires and shorting pins. The

preliminary measured characteristics of the coupler are

presented in Figure 4(b). The insertion loss and return

loss of the coupler are about 0.4 dB and 12 dB at 2.2875
GHz.

SUBARRAY DESIGN AND PERFORMANCE

The patches (4.45 x 4.39 cms) are arranged in a

triangular lattice to form a hexagonal geometry with an

edge to edge spacing of 0.43 inches. The assembled

subarray and the feed and power divider network are shown

in Figs. 5(a) and 5(b) respectively. The measured radia-

tion patterns of the array at 2.325 GHz for the _ = 0 °

and _ = 90 ° planes are shown in Figs. 6(a) and 6(b)

respectively. The measured on axis axial ratio for the

LHCP is 1.5 dB and the 3dB beam widths are 36 ° in both

planes. The gain of the antenna as determined from the

beam widths is 13 dB. The measured return loss at the

coaxial input port of the array is better than 15 dB at

the design frequency and is shown in Fig.7.
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CONCLUSIONS

The design and performance characteristics of a

CPW/Stripline feed network have been presented. A seven

patch hexagonal CP subarray fed with this feed network

has demonstrated excellent CP patterns.
REFERENCES

I. Y. T. Lo, B. Engst and R. Q. Lee, "Simple Design

Formulas for Circularly Polarized Microstrip Anten-

nas," IEE Proc., Microwaves, Antennas and Propaqa-

tio____nn,Voi.135, Pt.H, No.3, pp.213-215, June 1988.

2. R.N. Simons and G. E. Ponchak, "Coax-to-Channel-

ized Coplanar Waveguide In-Phase N-Way, Radial

Power Divider," Electronics Letters., Voi.26,

No.ll, pp.754-755, May 1990.

31



y(o = 90 °)

Probe
feed _.---

CP patch /
antenna

/

Feed point J

/
Subarray circuit board ---/

/
/

Coaxial line w=tn

/_- Line stretcher slotted outer

I conductor -7

_-- Radial power / j._divider output /

_'_ port _._ RF input

""---- 7-way divider

Via hole junction

/--- corcanar
waveguide to
stripline post

coupler

/--- Coplanar waveguide
power divider
circuit board

x(_=0o)

Balanced stripline line
stretcher/coupler circuit
board
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Figure 2.--Radial coax-to-CPW 1:7 power divider.
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(a) Assembled array antenna.

(b) Feed and power divider network.

Figure 5.

C-90-14443
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COPLANAR-WAVEGUIDE/MICROSTRIP
PROBE COUPLER AND APPLICATIONS TO

ANTENNAS

Indexing terms _vlwrostrip, Antenna._

A method to couple microwa_,e Wawcr from a ¢oplanar v, ave-

grade to a microstrip line on opposite sides of a ground plane

*s demonstrated The coupler uses a metallic post which

passes Ihrough an aperture on the ground plane connecting

the strip conductor of the coplanar wavcguide to the micro-

strip line• The measured insertion loss and relurn loss are

about I dB and IOdB, respectively, across the frequenc_

range of 0045 6 5GHz. To demonstrate potential applica-

tions of the coupler as a feeding network fur a microstrip

palch array, measured radiation patterns of two rectangular

patch antennas wuh a direct coplanar-waveguidemicrostrip

feed and wilh a proximity coupled coplanar-waveguide,'

mlcrostrip feed are presenled

tional heatsink for active devices and provides mechanical
strength to the thin structure.

Coupler and patch antenna inte.qration: A CPW to microstrip

line coupler is shown in Fig. 1, The CPW and the microstrip

line share a common ground plane that has an aperture. The

coupler is formed by a metal post which passes through the

_J

I; P ,'v [w_rt _.

Intr.du_ti.n The coplanar waveguide ICPW} has several

advantages w, er conventional planar transmission lines which

makes the ('PW ideally suited for microwave integrated

circuit components t: At the same time, there is a growing
interest m microstrip antennas because of their advantages

over conventional antennas. 3 In phased arra.',s for satellite

communications syslems, some of the requirements thai have

to bc met are small size, light weight, thin profile, and high
efficient.', lo satisfy these requirements, it is important that

the components for various circuit functions, Ihe feed network

and the radiahws arc fully integrated. In addition, it is equatl 3

importanl to complelel3 shield the circuits and the feed system

from electromagnetic interference tEMI) and electromagnetic

pulsc[FMP} A simple solution to this problem islo build the

s_vstem using mixed transmission media such as a combination

of (.'P_iV and microstrip line.

In this paper, a novel integration technique b s which micro-

wave power is coupled from a CPW to a microstrip line

located on the opposite sides of a ground plane is demon-

smiled 'Also. the radiation pattern of two rectangular patch

antennas integrated with a direct CPW,microstrip feed and

v, ith a proximity or electromagnetically coupled CPW

mwroslrip feed are prcsenled

In a phased array, the coupler has the advantage of inte-

grating a ('PW feed network with active and passi'_e circuit

components I_ a microstrip-based radiating system In addi-

lion, the microstrip ground plane in the coupler ser,,es several

useful functions Firstly, it acts as a natural shield for the feed

nct,aork against EMI and PIMP Secondly, it acts as an addi-

t-

,x

_..Z,:.;_-:-:.:.-.-

•.:, 2

Fig. 2 Scheraati_ diaqranl illustratinq i_l[ctlrulion _![ d rdt'f_ltltlllttlr pul( h

(mlentlu

a Direct coplanar-_aveguide micrttstrip feed

_, 52 58ram y -: 4.4.32 mm

b Proximity coupled coplanar-waveguide microstrip feed

, sZSgmm y 4432mm 7_ 0.25ram _,_ = 2.2

aperture and contacts the strip conductors of the CPW and

the microstrip line, respecttsely. A pair of wire bonds located

adjacent to the post tie the ('PW ground planes and the

microslrip ground planes to a common potential The thick-

ness and dielectric constant of the subslrate are typical of

those used in CF'W circuits and microstrip patch radiators

The characteristic impedance t',f the CPW is 7Of/ which is

ORtGb_,AL PAGE IS

OF POOR QUALITY
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chosen to provide a good match to the characteristic imped-

ance of the 50fl microstrip line. 4 The diameters of the aper-

ture and the metal post were experimentally optimised to

obtain the best insertion loss characteristics. It is worth noting

that the post diameter turns out to be greater than the micro-

strip line width; however, this is essential for obtaining a low
insertion loss characteristic.

The integration of a rectangular patch antenna with a direct

CPW/microstrip feed and proximity coupled CPW/microstrip

feed is schematically illustrated in Fig. 2. The dimensions of
the patches are chosen to resonate at about 2.2 GHz and each

has a linear polarisation which is parallel to the plane of the

antenna. The substrate parameters for Fig. 2 are same as those

in Fig. 1.
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Experimental results: The measured insertion loss of the

coupler over a wide frequency band extending from 0-045 to

6-5 GHz is shown in Fig. 3. The measured insertion loss which

is less than I dB includes the losses occurring in the junction,

the attenuation of the short length of CPW and microstrip

line on either sides of the junction and that of the two coaxial

connectors used at the input and output ports. Also superim-

posed on Fig. 3 is the return loss which is better than 10dB

across the band and is independent of the measurement port.

The measured radiation patterns of the microstrip patch

antennas are presented in Fig. 4. It is observed that the two

methods of excitation result in essentially identical radiation

patterns.

Conclusion and discussions: A novel technique to couple

microwave power from a CPW to a microstrip line located on

the opposite sides of a ground plane and its application to

patch antennas has been demonstrated. Because of its low loss

and wide bandwidth, the coupler has potential applications in

feed systems of wideband antennas such as spirals and log

periodic arrays. As a concluding remark it may be mentioned

that monolithic implementation of the coupler using semicon-

ductor via hole technology would result in much smaller size

with reduced parasitics and therefore have potential applica-

tions at millimetre-wave frequencies.
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NEW COPLANAR WAVEGUIDE/STRIPLINE

FEED NETWORK FOR SEVEN PATCH

HEXAGONAL CP SUBARRAY

P,_th'ttl_. 4ttl{'tlnd_

,X no,.cl ('l'W-t¢_-stripline post coupler is demonstrated, This

dc_ice c_uplcs the output power from a coax-to-CPW
inphase seven-'.,,ay radial power divider to a balanced stri-

pline line stretcher and together forms a multilayer probe-
t:pc feed network. The feed network excites a seven patch

hexagonal circularl3, polarised (CP) subarray. The measured
return loss and insertion loss of the coupler are better than
17dB and 0.25dB at the design frequency of 2.875GHz. The

measured on-axis axial ratio for the left hand circular polari-

sation (LHCP) ls 1.5dB and the 3dB beam widths are 36 in

the principal planes of the subarray. The gain of the subarra_v
is 13dB The input return loss of thesubarray is better than
I0dH

Introduction" In satellite communications beam-to-beam iso-

lation and frequency reuse are important requirements which

can be achieved with orthogonal polarisation. For reflector

antenna systems, polarisation diversity has been achieved by

the use of complex beamforming networks. Although, the

reflector type antennas are efficient they suffer from several

disadvantages. Microstrip patch antenna arrays on the other

hand have many salient features such as low cost, light weight,

thin profile, conformability and ease of fabrication _ and are

therefore actively pursued.

This Letter describes the architecture of a seven patch hex-

agonal CP planar subarray. The seven patches are fed in

equal amplitude and phase by a novel probe type feed

network. The probe feed avoids the use of phase shifters or

h_,blid couplcI_, to gencralc zl circuldrl__ pol;trJscd ",'_u_c Hlld

hence in simple to fi_bricalc The feed is formed b; a nlullll;13cl
network _hich i_ realised using it combination of c_planur

w:tvcguidc(CPW).b,danccdstriplinc'_nd conxiallinc. Y(_ =90")

probe

feed

/e<,d m'r+t+,'l, +md sl+t+arrav de._,t n. I:lg I illustratcs the muhi-

la',cr construction of the scvcn patch hexagonal ('P subarra_.

The fccd network for this array consists of a coax-to-CPW

inphasc scvcn-way radial power divider 2 and a balanced stri-

ptine line stretcher on separate dielectric substrates coupled by

a post coupler. Fig. 2 illustrates the CPW-to-balanced strip-

line post coupler. In this coupler, the centre strip conductor

of the CPW and the stripline are electrically connected by a

metal post through an aperture in the ground plane. The

diameters of the aperture and the metal post were experimen-

tally optimised to obtain the best insertion loss characteristics.

The thickness and relative permittivity of the dielectric sub-

strate are typical of those used in CPW and stripline circuits.

The ground plane of the CPW and the stripline are connected

together by bond wires and shorting pins to ensure equipo-
tential of both surfaces. The line stretcher is a 50f_ line whose

length is chosen so as to equalise the distance of separation

between the radial CPW output ports and the feed points of

the hexagonal subarray. The patches are nearly square

(44-5 × 43.9mm) and are arranged in a triangular lattice to

form a hexagonal geometry with an edge-to-edge spacing of

IO899mm along the _b = 0 '_ plane and 10.991 mm along the

q_ = 90' plane. The feed position is determined as explained in

Reference 3. The patch array is fabricated on a dielectric sub-

strate of thickness and relative permittivity of 0.508 mm and

2-1, respectively.

Feed network and subarray performance: The measured return

loss (S t z) and insertion loss ($2_) of the post coupler are better

than 17dB and 0.25dB, respectively, at the design frequency
of 2.2875GHz and are illustrated over a wide band of fre-
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slotted outer
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Fig. I S<llemuti_ dia_.lranl tlh,xtrarin_l raultilayer constrtA_'tiotz of seren patch he,,ugonal CP _lebarray
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NEW CHANNELISED COPI.ANAR
WAVEGUIDE TO RECTANGULAR
WAVEGUIDE POST AND SLOT COUPLERS

Indexing terms: Wa_ouides, Waoeouide component& Wave-

guide couplers

Two new coplanar wavegnide to rectangular wavegnide cou-

plers with coupling through a post and a slot are experLmen-
tally demonstrated. The couplers operate over the K.-band
transmission and X-band reception frequencies that are

designated for satellite communications. The measured inser-
tion loss and return loss are about I dB and 10dB, respec-

tively, for both couplers.

Introduction: Coplanar waveguide (CPW) is a very useful

transmission line for microwave integrated circuits and has

several advantages over conventional microstrip line) The

channelised coplanar waveguide (CCPW) 2 is a new variant of

the conventional CPW. This Letter presents the design and

experimental characterisation of new CCPW-to-rectangular

waveguide post and slot couplers. In the post coupler, coup-

ling is through a metal post that enters the waveguide through

a circular aperture in the centre of the top broad wall. In the

slot coupler, coupling is through a printed longitudinal radi-

ative slot in the centre of the narrow wall. These couplers can

inject signals directly from a circuit such as a monolithic

IMPATT/Gunn diode oscillator into a waveguide. Hence

these couplers have potential applications in satellite commu-

nication systems such as Very Small Aperture Terminals

(VSATs).

Coupler design and fabrication: Post coupler: A CCPW-to-

rectangular waveguide post coupler and a CCPW circuit

board with a probe are schematically illustrated in Figs. I and

2, respectively. The channel width C, centre strip conductor

width S, and slot width W of the CCPW for a given substrate

thickness d are determined as explained in Reference 2. The

waveguide height, width and wall thickness are denoted as a, b

and T, respectively, and are standard for a given frequency

d_onnelis e d
coplonor-

woveguide

metol poet of input/output

diameter dl .-., (port I)
\ / '7

aperture of \ /"_"_/_'_C

dK]meter dz in "-k \\ / .,/'_"",_-

copper dad .,,C_'_--.-_--_" /"1
d ieledric /, . / I
subst_¢¢,".,_,_,_ _F::.,',,_._,'.,,'_ / I

recton<3guk:u" "1 short
woveguide
(WR -62)

output/input

(port 2 }

Fig. I Cutaway drawing of CCPW-lo-rectangular waveguide post

coupler

a = 7.8994mm
b = 15-7988 nun

C = 5.08ram
d = 3-175mm

d I = 1-3208 men
d2 = 508 nun

Lp = 5-715 mm
T = 1.016mm

L, = 4-191 nun

_, = 2.2

L---L ---J

I IrR1

coplonor
w

copper clod _ _L__ _

metal

Fig. 2 CCPW circuit board with probe

S = 1.143mm

W = 0.254mm

L s = 2.54mm
R 1 = 0-889 mm

R 2 = 1-143mm

band. The axis of the two transmission lines are parallel;

however, they can be oriented at any arbitrary angle. A metal

post of diameter dt enters the waveguide through an aperture

of diameter d 2 to form an electric probe. The length of the

probe extending into the waveguide is Lp. The opposite end of

the post is attached through the dielectric substrate to the

centre strip conductor of the CCPW. The waveguide and the
CCPW are terminated in a fixed short circuit which are

placed at a distance L,, and L, from the centre of the post,

respectively.

Coupler design and fabrication: Slot coupler: A CCPW-to-rec-

tangular waveguide slot coupler and a CCPW circuit board

with a coupling slot are schematically illustrated in Figs. 3

and 4, respectively. The coupling slot is flush with the inner

surface of the waveguide narrow wall and consequently inter-

Electronics Letters, 9_h May 1991, Vol. 27, No. 10, pgs, 856-858
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Fig. 4 CCPW circuit board with coupling slot

S = 0.6858 rara
W = 0-3048 mm
S t = 1.397mm
W_ = 0.254 mm
L, = 1.143mm
W2 = 0.254 rnra
Ls = I 1-0236ram

rupts the transverse surface currents. Thus power from the

TE,o mode is coupled to the CCPW. The slot width is chosen
as 0.254 mm for ease of fabrication. The slot length is equal to
the channel width C. The waveguide and the CCPW are ter-

minated in a short circuit placed at a distance/4, and L s from
the centre of the coupling slot, respectively. The length of the

impedance matching taper L, is equal to 2_cc, w_/2.

Experimental coupler performance: For the post coupler, Lw

and L s are approximately a___,m_/6 and 2acc, w_/6, respec-
tively, at the centre frequency. The radii of curvature R, and
R 2 in the CCPW centre strip conductor and the ground plane
at the location of the post are approximately 0-7d_ and 0-7d s

+ W, respectively. Further, d_/b and L_/a are equal to 0-084
and 0.723, respectively. The above parameters, obtained
through experimentation, resulted in satisfactory insertion and

return loss characteristics. The measured return loss (S s s) at
the CCPW port and the insertion loss ($21) between the

CCPW and the waveguide ports of the post coupler are pre-

sented in Fig. 5. The post coupler operates over the entire K.
band which includes VSAT transmission frequencies (14.0 to
14.5GHz) and has an insertion loss of less than ldB and a

return loss of greater than 10dB.

For the slot coupler, Lw and L s are approximately

__._¢4 and 2_ccew_12, respectively, at the centre fre-
quency. The measured return loss ($22) at the CCPW port and

the insertion loss ($12) between the CCPW and the waveguide
ports of the slot coupler are presented in Fig. 6. The slot

coupler has an insertion loss of about 1.5dB and a return loss
of greater than 10dB at VSAT reception frequencies that
extend from 10-95 to 12-2GHz.

_m0

F
8'
E

o_

S11.-%

\ ,>-\
\ / \

,/
v

A

/ \

12 4 180

frequerx:y. GHz

Fig. 5 Measured return loss (Sll) at CCPW port and insertion loss
(St t) between CCPW and rectan#ular wareguide ports of post coupler

St t 5-0dB/division
Szi 1"0dB/division

c o
a

....- 0 ._.

51Z -." _ ,.__.._---...... _

10'4 12-2

frequency. GHz

Fig. 6 Measured return loss (Szz) at CCPW port and insertion loss

($12) between CCPW and rectangular waveguide ports of slot coupler
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Conclusions and discussions: Two new CCPW-to-rectangular

waveguide couplers with coupling through a post and a slot

are experimentally demonstrated. The measurements show

that the couplers have excellent insertion loss and return loss

characteristics. These couplers are very compact, efficient and

inexpensive to fabricate.

R. N. SIMONS
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Theoretical and Experimental Characterization

of Coplanar Waveguide Discontinuities

for Filter Applications
Nihad I. Dib, Student Member. IEEE. Linda P. B. Katehi, Senior Member, IEEE,

George E. Ponchak. Member, IEEE. and Rainee N. Simons, Senior Member. IEEE

.qhslracl--A full-_ave analysis of shielded coplanar x_a_rguide

ran-port disctmtinuities based on the solution of an appropriate
surface integral equation in the space domain is presented.
L,sing this method, frequency-dependent scattering parameters
tbr open-end and short-end CPV¢ stubs are computed. ]he
numericall._ derixed results are compared with measurements

performed in the frequenc) range 5-25 GHz and show _er). good
agreement. Equixalent circuit models and closed-form expres-
si.ns it; compute the circuit element xalues for these discnnlinu-

ities are also presented.

I. I .','TRO DUC'rlON

ECENTLY. coptanar waveguide (CPVv'I technolo,.__':,has attracted a great deal of interest for RF circuit

de._ign owing to several advantages over the conventional

microstrip line. among them the capability to wafer probe

at millimeter-wave frequencies [1]-[6]. Thus. several in-

',estigators ha',e undertaken the study of the propagation

characteristics of uniform CPW, and extensive data are

available in the literature [7]. However, very., few model>

are available on CPW discontinuities, which are useful in

the design of circuits such as filters [8]-[12].

Filters are important blocks in microwave circuit> and

are among the first few circuit elements studied in any

new technology. Microstrip or stripline filters ha_e been

extensively studied and very accurate design techniques

have been presented in the literature [13]. However. CP\V

filter elements [I]. [14] have been investigated only experi-

mentally and lack accurate equivalent circuits. Two such

filter elements are the short-end and open-end series

stubs, which are shown in Fig. l(a) and (b) respectb, eb. In

this figure PP' refers to the reference planes, which arc

coincident with the input and output ports of the disconti-

nuity. The short-end CPW stub was modeled by Houdart

[1] as a series inductor. This model cannot predict the

Manuscript received August 30, 1990: revised January 22, 19'#1 ]'hi,
•*ork was supported by the National Science Foundation under Contract
ECS-865795 I.

N. 1. Dib and L. P. B. Katehi are v.ith the Departmenl of Electrical
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MI 4S109-2122

G. ['. Ponchak and R. N. Simons are v,ith the NASA Le_,is R¢',carch
Center, Cle,.eland. Otl 44135.

IEEE Log Number 9143466.

rc>onant ]la'ure of tile stub as it approaches ,_.,/4 or the

a>_xmntctr_ of thc discontinuity; therefore, it is _alid oni',

in the limit as the stub length approaches zero. -11_,:

model used by Ponchak and Simons [15], an ideal shoe:-

cud series stub, predict.', the resonant nature of the stub

but not thc asymmetry. The open-end CPW stub ,_,,>

modeled by Houdart [1] as a series capacitor, v.hich i:-

also too simple to predict the resonant nature of the sttlb

or its as._mmetrl and is valid only tor stubs 'aith vet)., sm:dl

Jengths. \Villiams [1..l] expanded this model to a capaciti',c

I1 net_vork and selected a reference plane which remoxcd

the element as.vmmctrl'. This improved model is difficult

to incorporate into CAD programs since the reference

planes are not at the plane of the discontinuity, as sho_p.

in Fig. 1. The model by' Ponchak and Simons [15], an ideal

open-end series stub. again cannot predict the element

as._ mmetr3.

1his paper attempts, for the first time. to study theoret-

ically and experimentally the two CPW filter element>

sho_n in Fig. 1. The theoretical method used to stud._

these CPW discontinuities is based on a space-domain

integral equation (SDIE), which is solved using the method

of moments [16]. The main difference bet-v,een this ap-

proach and the one used in [3] and [10]-[12] is that the

boundary. conditions are applied in the space domain

instead of the spectral domain. Thus, in the SDIE method

the Fourier transforms of the basis functions, which are

used in the method of moments, are not required, which

makes it simpler to handle complicated geometries. The

SDtE approach has previously been applied to study

several CPW discontinuities and has shown very good

accuracy, efficiency, and versatility in terms of the geome-

tries it can solve [17], [18]. Using this method, theoretical

results for the scattering parameters of the two CP\V

discontinuities shown in Fig: 1 are computed. Extcnsixe

experiments have been performed in the frequency range

5 to 25 GHz to validate the theoretically derived scatter-

ing parameters, and a very' good agreement has been

found. From the scattering parameters, lumped element

equivalent circuits have been derived to model the discon-

tinuities. The inductors and capacitors of these modcl_

ha_e been represented by closed-form equations, as func-

tions of the stub length, which have potential applications

© 1991 IEEE. Reprinted, with permission, from IEEE Transactions on Microwave Theory and Techniques, Vol. 39, No. 5, May 1991, pp. 873-882
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Fig. 2. A cross section of a shielded CPW.

in the design of CPW circuits. In addition, these circuits

are capable of modeling the oN and OFF states of CPW

p-i-n diode switches [15].

II. THEORY

A. Derication of the Scattering Parameters

Fig. 2 shows a shielded coplanar waveguide with the

cavity dimensions chosen such that the CPW fundamental

mode is not affected by higher order cavity resonances.

The original boundary, problem is divided into two sim-

pler ones by introducing an equivalent magnetic current.

._+, on the slot aperture (see the Appendix). This surface

magnetic current radiates an electromagnetic field m the

lv, o wavcguidc regions (above and below the >lots) so that

the continuit_ of the clcctric field on the surfacc of the

slots is satisfied. The remaining boundary, condition to be

applied is the continuity of the tangential components of

the magnetic field on the surfacc of the slot aperture.

a, ×(<,-,_,)=g Ill
where J_ vani>hes everywhere on the plane of the slot

apertures except at the position of the elecmc current

source_, exciting the CPW. /_ _ are the magne,ic fields in

:,he regions dircctb above and below the slot aperture.

respective[) tscc Fig. 12). and can bc expres-ed in term,

of the equi',:tlc_:t magnetic current density..Q', a> sho'an

hctox_ :

g= I /_':{c z') q,t/')d, _'_

_, :- 1 l_?i'_'_'>.q,I/'>J-'- _:'_

In 121 and (3). 5cm _ is the surface of the ._io:aperture.

and G,'I: is the dyadic Greens function in the mo wa_e-

guide regions {see the Appendix).

In vicv, of(21 and 13). (1) takes the form

To obtain the unknown magnetic current distribution.

!_1" (4) is solved by applying the method of moments [16].

First. the slot aperture is subdivided into rectangles. Then.

the unknown magnetic current density is expressed as a

finite double summation:

N, A.

_q,(Z') = a, Y: E V,.uf,()")g,(-')
t=l;=l

A', V

+at E E Vz.#f_(z')gi()") (5)
i=lj=l

where {f,(y')&(z'); i = 1,..., N,,, j = 1,-'.,/V:} is a family

of rooftop functions [19] and V.,..ii and V:., are the un-

known coefficients for the y

magnetic current density. The

(rooftop functions) for each

piecewise-sinusoidal variation

and z components of the

subdomain basis functions

current component have

along the longitudinal dr-

rection and constant variation along the transverse direc-

tion. Using (5), (4) can be written in the form

{ '+ [- ]g+ag= a,× E Ev,,,ff-"Oo- 8';
z=l/=l

-a,L(y') g,(z') as'
N, N_

_=1.,=1

.a:L (:')g,(/) as' (6)

where kJ_ represents the error introduced from the ap-
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prc,ximation_madcm themagneticcurrcmdistribution
(eq.(5)).

Finally,Galcrkin'sprocedureis usedto minimizethe
error AJ_" resulting in the toltowing inner products:

Jit-(a,x AZ).<i,,.,,I_):-,,t: _,/.,.=o /7)

Jit(a. ×-_2)<c{:l_,.._:t,l,=o <sl

where ]_,, and g,, are weighting functions identical to the

basis functions, m=l.-.-..V and n=i......V.. In this

manner. (6) reduces into a matrix equation of the form

[_;,] [r_] _ = i /<'/

where [Y_] i.,.'. E= v._-)reprc_.ent blocks of the admit-

tance matrix whose element.,, are expre'_sed in terms of

multiple space integrals, inxoh-tng trigonometric func-

tions, and are given b_

'd f,(y')gj(z'}dv'dz'dydz (10)

Y,:= ffffa, t;,,{: }..%1-)-[_:i- _','1

d_-.t;(--') g,( .v'l dv'dz'&ek (11)

r:, =fffj,_/,,<-,g,,,,:.).[a(;+a,,, l

•d, f,(y') g,(z') dy' a'z'_6 c/z (12)

=rifle+,,! [e +a,,,]
• aft,( z')g,(y') 4'c&'dv& (13)

where i, m = 1.' • , A"_ and j. n = 1.- - -, N:. V, and V_ are

the subvectors of the unknown coefficients for the y and

z components of the magnetic current distribution respec-

tively and I, and I: are the known excitation subvectors,

which are dependent on the impressed feed model.

In order to solve (9), the excitation is modeled by ideal

y-directed current sources located at specific node points,

as shown in Fig. 3(a), resulting in an excitation vector

which has zeros eve .rywhere except at the positions of

these current sources (delta gap current generators). Al-

though only a mathematical model, this feeding mecha-

nism has proved to be efficient, accurate, and reliable

[17], [20]. In addition, it does not introduce any unwanted

numerical complications, as is the case with other excita-

tion techniques [3], [12]. The CPW may be excited in two

different ways: with the fields on the two slot apertures in

phase (slotline mode) or out of phase (coplanar mode),

exhibiting very. different characteristics when operating in

each mode. The CPW mode is excited by choosing I;_ =

- l e _ and I_2 = - Is 2, while the slotline mode is excited

by choosing 1;l = Ig, and 1;2 = 1_¢2 (see Fig. 3(a)). How-
ever, only the CPW mode will be considered here since it

tends to concentrate the fields around the slot aperture

Igl
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Fig. 3. {al A general t,.,.o-port CP'_V discontinuit._ ',,,ttb, .t-directed

electric current _,ources. [b) Equi',alent nerxork repre>entation.

(low radiation losses) and is therefore the commonly used

mode in CPW circuits.

The discontinuities behave as an asymmetric two-port

network with an equivalent circuit of the type shown in

Fig. 3(b). For the evaluation of the network impedance

matrix, three different modes of excitation are required

(I,,= 1,2 = 1, lg, = - [g2 = 1, and l_t = 1 and I,: = 0were

used). It should be noticed that the currents and voltages

(11, 12,V . V_) shown in Fig. 3(b) are induced at the dis-

continuity ports as a consequence of I_ and Ig2. The
matrix equation (9) is solved to give the magnetic current

distribution in the slot aperture for each mode of excita-

tion. Then, the input impedances at ports 1 and 2 are

evaluated from the positions of the minima and the

maxima of the electric field standing waves in the feeding

CPW lines using ideal transmission line theoo'. Finally,

the network impedance matrik and the scattering parame-

ters are derived using the expressions in [21].

B. Conuergence Properties of Scattering Parameters

In the expressions for the Green's functions given in

the Appendix, the summations over m and n are theoreti-

cally infinite. However, for the numerical solution of the

matrix equation, these summations are truncated to MSTOP

and NSTOP. The values of these two parameters should be

chosen such that convergence of the scattering coeffi-
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Fig. 4. Typical convergence behavior of the scanering parameters with

respect Io the number of modes NST()P and MSTOP of the ('PW disconti-

nuities shown in Fig. 1.

cients is ensured. Fig. 4 shows the convergence behavior

of the scattering coefficients with respect to each one of

the above parametcrs. In (AI0)-(A13), NsroP and MStoP

correspond to the maximum values of the k. and k,

eigenvalues considered in the summations. These eigen-

values are given by

(xsloP)_
k ....... - t (14)

(Ms]o.)
k ..... - (_5)

a

%into the length of the cavity. I. is larger than its width, a.

the number of required k. eigenvalues (Nsr(W - 700) is

much larger than the number of k, eigenvalues (MSroP --

3H(}). as qu)wn in Fig. 4.

An_thcr critical parameter for thc convergence of the

rc_,uhs i,, the number of the considered basis functions N,

Slot

aperture

.]
r--.4_ z

y

q

_] Transition where both and z-directedregions y-
magnetic currents are assumed

[ IL' q I hu ;l',_!lI11_. <] 1!1 ICl/u'llv Ulll:u!l! _ii',l;i[Ml!H*;, "rl ti,,, x_, r ;li)[.'lilllt

dlld .\ . SillCC lilt sl, lts arc ttt-.Mlnlv'd l.t', }Pc tairl\ thin

(it ,_,(_,_ --. O.l ). ,ml\ a hm<itudina] ntaenctic current in

the slot aperture ax_ay 1tom th:' di_.contmuitx b, a.sumcd.
Furthermore. it has bccn round through numerical exper-

iments that the Ii-[nl:-,\ClSC ct:tlcnt ill The lecding line

ttlound the discontinuity, h;..t> a negligible c[IccI on the

current distribution and the scattering parameters. Thus.

as shown in Fig. 5. both longitudinal and _ransverse

magnetic current compollcnts LllC considered in the tran-

sition regions. _\hilc only the hmgitudinai current compo-

nent is considered in the other legions. In addition, the

number of ba_,is functions .\ and N i'- chosen so that

convergence of lhe scattering paramctcrs of the coplanar

waveguidc discontint,itv is achieved. Thc CPU time re-

quired for the c:aluatJon of the scattering patamctcrs

depends mainly on the gcomctry and the clcctrical size of

thc structure. Careful consideration of the existing physi-

cal symmetric,, can reduce thi', computational time sub-

stantiall._.

]]l. RI S,I;I IS AND [)IS( l>,'ql,\

Using the space-domain integral cquation method, thc

scattering paramclers for the two discontinuities shown in

Fig. 1 have been cvaluated :.is a function of the stub

length. L, and frequcncy, lhe lheorctically derived data

have been validated through cxtcnsi\c cxperimcnts per-

formed in the 5 through 25 (}Hz frequency range. The

circuits \vcrc hlbricated using conventional MI(" tech-

niques on a polished alumina (e,- 9.'9t substrate. ]'he

plated gold thickness was 2.8 #m. l'hc RF measurements

were perfl_rmcd on an HI ) 85U) ANA. A probc stalion

with dc 26.5 Gllz probes was uscd for proxiding the RF

connections to lhc circuits. ,\ t_vo-ticr calibration was

performed: First, the system was calibrated to the 3.5 mm

coaxial cable ends using coaxial open. sh_rt, load calibra-

tion standards. Thcn. an I,RI. calibration was performed

to rotate thc refercncc phmcs to the ('P\V discontinuities.

"I'hc LRL calibration st:mdards shox_n in Fig. 6 were

fahricated (m the substratc along wifil the circuits to

eliminate errors caused Ib fahricalion mmrcpeat_(bilit_.

Air bridges wcrc m_t nccdcd t_* omncct the ground phmcs

since the disconlinuilics considered here arc sxmmctric
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about the propagation line, and the stubs are printed on

the center conductor [22]. The alumina substrate was

placed on a 125-mil-thick 5880 RT/Duroid (E_-2.2)

substrate whh copper chtdding on one side to scrve as the

bottom ground phmc.

Fig. 7 sho',_ s the scattering parameters for the shotl-end

CPW stub of length 150(} p.m. It can be seen that the

agreement hctwccn the theoretical and experimental re-

suits is very good. The diffcrenccs are due to radiation.

conductor, and dielectric tosscs sincc an unshielded struc-

ture was used in the mcasuremenis and the theoretical

modcl did not account for Iosscs. From the characteristic

behavior of thc above stub. it can bc concluded that a

band-stop fihcr can bc rcalizcd by cascading several of

lhcsc s|tlbs in series.

Fig. ,': sho\_s a comparison between theoretical alld

expelinlcllla[ \alucs {_1 the resonant frequency as a lunc-

lion ol stub length. In addition, superimposed are values

of lhc rcsonani Itcqucncics for thc abovc CPW stub

upcratm.S under idea: 'onditions: no discontinuity cffccls

and zei-t_ clcclronlctgnctic interactions. It call be noticed

_-.. jW=:22._

• : i

I: I][_S21]+ liB[Ill __ THEOIIETICAL
WD,S WEJ,S

I

.... I

-_, OO 7

I [

--1
I
£
25.O0

WF_AS _

'i ! ' ]

a.ooo "_ I

-_o.o i 1
;,000 l_iO0

-- THEORETICAL

-%

Fig 7 Sc_lticriTlg parameter,, for the short-end CPW stub with 1 =

1.500 ym t l)i = 25 rail. IL = 125 rail. ,%_ = 9.9, _,: = 2.2: other dimen-
"qt)ll_ alC ill _nl}

thai the theoreticall._ computed resonant frequencies for

large stub lengths agrec reD' ,,,,,ell with the ones predicted

for the ideal stub. This indicates that at low resonant

frequcncics (large stub lengths) the specific stub geometrT

introduces ncgligible discontinuity effects and ix almost

free of parasitic elccm_magnctic interactions. However, as

the frequency increase,,,, the parasitic effects becomc

strongcr, rcsulting in a small differencc between the theo-

retically obtained resonant frequencies and the ones com-

puted for the idcal stub.

]:ig. 9 shm_,s ihc scattering paramclers for the open-end

CPV'_' stub of Icngth 15(1(}/.zm. As in the previous case, thc

agreement bclwccl_ the thcorctical and cxpcrimenial rc-

suits ix very good. +)wing to its performance, such struc-

ltllCS can bc tlscd tl, buiM band-pass fihcrs.
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In the theoretical anal)_,i>,, the (p\V qub,, ,ac+c u,+-

",tirllcd to be in_,idc ;i c:.ivit\ _hilc for the delixatioyl ot

cxpcrimcHtal data thc,+c MIUCtUICS _cre nl,JLl:-,uled ill t>pctl

environment• The fact that thctc is vcr'> good agrccmcnt

betv, ccn thcop, a_ld cxpcritnCllt suggests that radiation

tosses _%cle vcr\ lox_. t-he Ios_, tw.tor of the lllCa_,ulL'd Mub

discontinuities ha', been im, cstigated and has sho_n a

nlaximuni xatuc ot lt) dB at the stub's rcstmant lrc-

qucnc_v. This indicates that it i,, possible to design ('P\\

stub discontinuities ,aith vet,,-low radiation losses.

IV. E()UtVAII',I MOI)H.S

Fo accuratel,+ model the short-end ('PW stub over the

lrcqucnc} range from 5 GHz to the first band-stop reso-

nance, the model shown in Fig. 10(bl is proposed. Using

the derived scattering parameters (for Fig. llXa)), the

capacitances and inductances arc evaluated using com-

mercial optimization software• ]'he following relations

have been flmnd, v, hich give the values of the lumped

clcmcnts in terms of the stub length. L:

( - 1.32x 111 41. +3.3515x 10 +_ 16)

('_-1+5959X1(1 _" 17)

("_- 1.1249×10 4L'7.522×10 ) 18)

l_ _-- 2.6368 ×1() 4/,-0.618×10 _ 19)

l+,= 1.77×10 41+-8.35×10 ; 20)

1,_ = 1.8656× 10 4/+ -8.34× Ill 4 21)

where the stub length. L, is in ,am, the inductances in

nit, and the capacitances in pF. The above equations,

which apply for the configuration shown m Fig. ll)(a)

only, have bccn verified for stub lengths, 1,, through 2500

#m. It shouM bc noted that ('r_-C/e and l+_: l+,x_hcn

0 000

l+ = 75 ,am since a symmetric model is expected h)r a

simple notch in the center conductor of the CPW.

The equivalent circuit shov, n in Fig. l l(b) is pn+pt+,,cd

to model the open-end CPW stub over the frcquenc.x

range from 5 GHz to the first band-pass resonance. The

flfllowing relations have been found, which give the value,,

of the lumped elements in terms of the stub length.

(_'_ - 1.01 × 1(1 4L + 1.b42× l(I 3

(/t_ (l.39×1() 41+4 1.765×10 z

('/2-().883x1(1 4L+ t.765×I(1 -'

L l -- 1.22x 10 4L

L, = 1.43 × 1(t 4l+

l+_ + 3.26× I() 4/,

L:

22)

23)

24)

25)

27)
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Fig. II. Equivalent circuit for the open-end CPW stub (D I = 21.5 mil.
D 2 = 125 mi], _,f = 9.9. _,: = 2.2: other dimensions are in _m).

where the stub length, L, is in p.m, the inductances in

nil, and the capacitances in pF. As in the previous case.

the above equations, which apply for the configuration

shown in Fig. l l(a) only, have been verified for stub

lengths, L, through 2500 p.m. in the limit as L ap-

proaches zero, the inductances reduce to zero and Cfn

becomes equal to Cf, _, resulting in a capacitive 1] network

which is expected for a series gap.

The above lumped clement equivalcnl cJrcuils predict

the response up to the first resonant frequent> _ith a 5c/-

accuracy. It is expected that similar linear relationship,,

apply t_,_r a short or open-end CPV¢ stub with an x dimen-

sions. Thus. it is enough to model two different stub

lengths, from which the characteristics of other lengths

can be derived.

V. CONCLLSI{}XS

A space-domain integral equation method sof_ed by the

method of moments in conjunction _ith simple transmis-

sion line theory was applied to analyze CPW circuit

elements useful for band-pass and band-stop filters. An

experimental setup to measure the scatterins parameter_

of those structures has been described. The agreement

bet_veen the theoretical results and the experimental data

was _eD' good: thus. the validit> of both result_ is verified.

Lumped element equivalent circuits _ere proposed to

model the above circuit elements, and closed-form ex-

pressions to compute the values of the capacitances and

inductances were given as functions of stub length.

APPENDIX

As shown in Fig. 12, a typical CPW discontinuity prob-

lem is reduced to deriving the dyadic Green's function in

both regions directly above and below the slots. The

transmission line theory, is used to transform the sur-

rounding layers into impedance boundaries. Using the

equivalence principle, the problem is divided into four

subproblems (as shown in Fig. 12). where the fields in

both regions due to magnetic currents in the v and z

directions have to be obtained. After this has been ac-

complished, the continuity of the tangential fields at the

interface is used to arrive at the integral equation. The

main steps in the derivation of the fields arising from an

infinitesimal z-directed magnetic current inside a cavity

(with impedance boundary top side) will be presented

here (see Fig. 13).

In the derivations, the following vector potentials for

the LSM and LSE modes are assumed:

A = a,,6 F=a,6. (AI)

By using Maxwell's equations along with

1

H = --V x A (A2)
# •

1
E=--VxF (A3)

one can obtain the field components in terms of the

magnetic and electric vector potentials.

The differential equations for A and F are solved in

view of the pertinent boundary conditions to give the

unknown field components. The boundary conditions con-

sidered for the solution of this problem are listed below

(see Fig. 13. where the magnetic current dipole is raised
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Fig. 12 ..\ l',pical one-porl ('P\V di,,contlnuilv v, hcre lour ',ubproHem,_

are obtained using [he equivalence principle. IAII Ihe _,idc,, excludin_ the

impedance boundaries are assumed pcMccll_, conducting)

to simplit_, the application ol the boundar,' conditions):

t:! = E I at ._ :.v' (A4)

tt, ]= ft, u at x = x' (A5)

H) = It) I at _. = ;.' (AO}

(E,') TM
/_l = Z,'_,st at ._.= I),, (A7)

= Z),TM at ._ = 1), (AS)

E__- E_ =S(x ;')_(., .,"),'_(:-.:'). (AV)

In (A4)-(Ag), D(_ is the thickness of the layer directly

above the slot apertures. Z,l/st; and Zqt(TM are the LSt:_

and LSM impedances seen at the interface x = 1),. For

the structures considered here (Fig. 3), Z_[}st- Z_l(ssl- (I

since perfect conductors are assumed. Solving (A4)-(Ag).

the ticlds in the region directly above the slot aperture

caused by a z-dirccled magnetic dipole arc obtained. In

_hc ",amc manner the fields due to a yIdircctcd magnetic

_JJp,_lc can bc derived.

tig I;

X

Do

X

"7 L Sr,,I ,7 L. ::-::::
__ L, 0 C'L- z_i,

I

E II

.'\ z directed nliigllClK dipole iH",idC ,IC:i\ I!\ V,tlh at! llHpt_'kIlllck

bOIlll,lil,5 I,Ip "-id:

....... ' ..... ' 2,.',, k k.

•sin(/,,v')o,_(L -')co_(k,v)_,inCL -)

(All)

"{_H ])(,, (_/'r'): E E { .-0,,]

•cos(k,y')sin(k::') sin{k,_v)cos(k - I

(AI2)

"'"' [ ](,:.(_/;")= X 7'. 2,.,,, ]

cos(k, >")_m ( k,.:')cos(k,y)sin( k_: )

(A_3)

xvherc

_-,--)_I "=

k,,, i ,,,,_,,+ ;_,Z,',-"' tan(k ,L),,)
-- I 7"TsI-_7 :---

_o_,,'1k + jc,,_,z,',TM tan (k, I).)

I + ,k.,,ran(k,,
C, = 1. n :: ()

_' =: 1, tn _ {I

tll _T

k -

117T

I

(AI4)

(AIS)

(AIh)

(AlT)

(A]X)

(A2())

(,\21)
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111 the ab_c cxprcnt, iOllt,. _{ alld [ 4re the x_Jdlh and

K'ngth ol the c'axil\, rcspccli_cl._, and (;I_, ' dcnolcs the

magnetic field tt'" radiated at x=0 b,, an infinitesimal

lllngllCtiC ClipoIc 3/ located aI x' = 0 ti. l = Y- z ).

l'hc componcnl_, of (;'i' arc csscntiall_v thc same as in

(..\l(I}-(A21 } x_ith lhc follow, trig changes:

Z,',s' -' Zl '_

Z __;_'-, Z}';',t

D. _ D t

('. " ¢'_,t --+ -- (',J " -- e,,:

k, -, k_

a .e,_--,_l.e; (A22)

_hcrc Z l_r and Z t'xl atcthc LSEaud LSMimpcdanccs
,,ten at the IIIICI'I:ACC / = I),.
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ABSTRACT

InxGa1.xAs based MODFET (modulation doped field effect transistor) material
was grown by MBE (molecular beam epitaxy) on semi-insulating InP substrates.
Several structures were made, including lattice matched and strained layer
InGaAs. All structures also included several layers of Ino.52Alo.48As. Variable
angle spectroscopic ellipsometry (VASE) was used to characterize the structures.
The experimental data, together with the calibration function for the constituent
materials, were analyzed to yield the thickness of all the layers of the MODFET
structure. Results of the ellipsometrically determined thicknesses compare very
well with the RHEED (reflection high energy electron diffraction) in situ
thickness measurements.

INTRODUCTION

Recently InxGa1_xAs became the material of choice for MODFET devices, both
on InP [I] and GaAs [2] substrates. The InxGal.xAs serves as the conduction
channel, mainly due to its high electron mobility and saturated velocity. The
most commonly studied indium concentration is X=0.53, the InP lattice matched
composition. However, strained layer structures are now available, both on InP
and GaAs. The heterostructure material used for MODFET fabrication is grown
mostly by MBE. In this growth method, the thickness is measured in situ using
the RHEED technique. In this paper we will describe the application of .the
variable angle spectroscopic ellipsometry technique to the characterization of
MBE grown InxGal_xAs based MODFETstructures. This non-destructive technique can
estimate not only the thicknesses of all the layers within the optical
penetration depth, but also the quality of the interface and possibly the indium
concentration. The capabilities of VASE for complete MODFET characterization
were demonstrated on the MBE grown AIGaAs/GaAs structures [3]. Detailed
interface work on InGaAs/InP was performed on MOCVD(metal-organic chemical vapor
deposition) grown material [4]. This paper will concentrate on MBE grown
structures. In this growth technique, InP cannot be grown and it is replaced
by Ino.52Gao.48As, which is lattice matched to InP and provides the high band gap
donor layer of the MODFET.

EXPERIMENTAL

The MODFET structures studied here were grown by MBE on semi-insulating
InP substrates, with continuous RHEED monitoring. The structures studied here
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are shownin Fig. l(a). Starting from the bottom, these structures nominally
contain the following layers: a su_erlattice (S.L.) buffer madeof 30 period
Ino.53Ga0.47As/Ino.52A]0.48As,a 4000Aisolation layer of In0.s2Alo.asAs, a complex
conduction channel made of 400 A undoped Ino.53Gao.41As, and a layer of thickness
d of undoped InxGa1.xAs with d=150 A for X=0.53 and 0.65 and d=100 A for X=0.70,

a 50 A Ino.52Alo.48Asspacer layer, a 350 A Ino.52Alo.48Asdonor layer with only
150 A of doped material, and a 100 A doped cap layer of In0.53Gao.47Asfor

contacts. Ellipsometry cannot differentiate between doped and undoped material,
but it will be sensitive to a surface oxide layer. Thus, the nominal structure
for ellipsometric purposes will be different from the MBE nominal structure.

For example, the nominal structure for ellipsometric purposes for the X=0.53
material is given in Fig. 1(b), on the left side of the graph. The 4000
Ino.52A10.48Aslayer is considered the substrate for ellipsometric purposes, as

the optical penetration length in most of the experimental range is smaller than
the thickness shown in Fig. 1(b).

Actual Structure Nominal Ellips.

100 A n+ In 0.53 Gao.47 As

200 A i In 0.52A10.48 As

150 A n+ Ino.53Alo.48As 5x1018

50 A i In 0.52A!0.48 As

d i InxGal-xAs

400 ,/k i In 0.53Ga0.47 As

4000 A i In 0.52A10.48 As

tl 0 A Oxide 47 + 0.8 ,&

t2 looA Ino.53Gao.47As 49:1:1.4,&

t3 400,/k Ino.52Alo.48As 424:1:4A

t4 550A Ino.53Gao.47As 553i-6A

4000_ Ino.52Alo.48 As

30 prd 30_30 A S.L. InGaAs/InAIAs

SI InP Substrate

(a) (b)

Figure1o--(a)Actualstructuregrown by MBE. (b)Nominalstructureused forellipsometryand

the resultobtainedfrom the experiment.

The ellipsometric technique was described previously [3,5] and will not
be repeated here. In this study, we use a mean square error (M.S.E.) criterion
based on tan _ and cos A fits of experimental data to model calculations. The
variables of the fit were the thicknesses, ti (i=I-4 in Fig. 1(b)), of the
different layers in the structure.

Ellipsometric calibration functions (i.e. the dielectric functions) for

the constituent material were taken from the following sources: Ino.52A10.48As
from previous measurements at NASA-Lewis [6], In0Ls_Ga0 47As from [7], InxGal.xAs
as a function of X from [8] and the oxide from [9J. "The results obtained in

reference [8] are for thermodynamically stable material and thus may have to be
modified for application to a strained configuration. The oxide results [9] are
for GaAs oxide and they may give an erroneous thickness for the oxide.

Results for the lattice matched structure are shown in Figs. 1(b) and 2
together with the 90% confidence limits. An excellent fit was obtained between
the _ and A values measured experimentally and the values calculated from a model

that uses the thickness parameters given in Fig. l(b), right hand side. There
is also a good fit between the nominal and experimental layer thicknesses. The
M.S.E. of the fit for experimental data in the range 3000-6000 _ was 2.3xi0 -4.
A marked deterioration in the M.S.E occurred when the fitting range was extended
to cover our full experimental range of 3000-8000 _, probably due to the fact
that the optical penetration length becomes comparable to total thickness of our
model, as shown in Fig. 1(a). We also note that the fit is not perfect for the

fits in the lower wavelength region (i.e. below ~3500 A). This denotes a poor
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fit for the surface layers. This fact can also be deduced from the anomalous
thickness of the oxide layer, which is much larger than normal for compound
semiconductors [3]. We believe that the approximation used here for the oxide
is not very accurate. Another problem in the fit of the surface layers is the
difference in the thickness of the Ino.53Gao.4/As cap layer estimated by ellipsom-
etry as compared to the nominal thickness. This difference indicates that this
layer is probably not a perfectly smooth, homogeneous, stoichiometric layer, and
therefore our model is also not perfect.

Results for the samples with strained In×Gai_xAs layers show only a slight
dependence of the measured _ and & with the indium concentration X. Thus, it
is very hard to obtain the effects of strain on the dielectric function of
InxGai_×As from these MODFET structures.
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Low-Temperature Microwave Characteristics
of Pseudomorphic In xGa]_xAS/Ino.s2 A10.48 As

Modulation-Doped Field-Effect Transistors
R. LAI, PALLAB K. BHATTACHARYA, FELLOW, IEEE, S. A. ALTEROVITZ, A. N. DOWNEY, AND

C. CHOREY

Abstract--Low.temperature microwave measurements of both

lattice-matched and pseudomorpbic lnxGa I_ xAs/In0.szAI0.,wAs (x =

0.53, 0.60, and 0.70) channel MODFET's on loP substrates have been

carried out in a cr:,ogenic measurement system. The measurements were

done in the temperature range of 77 to 300 K and in the frequency range

of 0.5 to II.0 GHz at different bias conditions. "[he cutoff frequency

tfr) for the in_Ga l_,As/Ino.szAI0._As MODFE"['s improved from

22 to 29 GHz. 29 to 38 GHz, and 39 to 51 GHz, for x = 0.53, 0.60, and

0.70, respecti_eb, as the temperature was lowered from 300 to 77 K,

which is approximatel) a 31% increase at each composition, and no

degradations were observed in device performance. These results indi-

cate an excellent potential of the pseudomorphic devices at low tempera-

lures.

RYOGENIC operation of modulation-doped field-effect

transistors (MODFET°s) has shown improved gain char-

acteristics and lower noise figures compared to operation at

ro<_m temperature. These have been demonstrated recently in

low-noise receivers and amplifiers [1], [2]. Other potential

benefits such as greater reliability and integration with high-

temperature superconductors have further increased the inter-

est in MODFET operation at cryogenic temperatures [3].

Pseudomorphic ln_Ga__xAs/Ino._2AIo.4sAs channel MOD-

FET's have demonstrated a performance superior to lattice-

matched ones principally because of a higher band offset and

improved channel transport characteristics [4], [5]. In this

letter, we report on results from cryogenic (77-300 K)

microwave measurements on pseudomorphic ln_Gal_,As /

Ino s2Alo4sAs MODFET's (0.53 _< x _< 0.70).

The MODFET structures were grown by molecular beam

epitaxy (MBE) on semi-insulating InP substrates at - 520"C

at a rate of 1 _m/h. Standard photolithography was used to

fabricate the devices. The layer structures for the devices are

shown in Fig. 1. As an example of the heterostructure

quality, the In o 7oGao 3oAs/Ino52Alo.4sAs MODFET exhib-

ited a Hall mobility of about 11 900 and 53 000 cm2/V - s at
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Fig. 1, Layer schematic of pseudomorphic In,,Ga I __As qn o __,AI 048As

(x = 0.53, 0.60, and 0.70) channel MODFET's on loP substrates
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Fig. 2. 1a versus Va_ characteristics for a pseudomorphic

lnoToGa 0)oAs/lnuszAIn.,_As channel MODFET at 77 K (solid lines)
and 300 K (dashed tincsL

300 and 77 K. respectively. Gate stripes with a gate length of

1.0 /_m and a gate width of 100 p,m were formed by

evaporating 500-,_/3000-,_ Ti/Au. DC measurements at 300

and 77 K Ishown in Fig. 2) of an Ino-oGao3_As/'

Inos?Alo,8As MODFET show an increase in transconduc-

tance from 510 mS/mm at 300 K to 680 mS/mm at 77 K and

a decrease in output conductance from 40 mS/ram at 300 K

to 20 mS/mm at 77 K mcasurcd at Va, = 1.5 V and |_,, = 0

© 1991 IEEE. Reprinted. with permission, from IEEE Electron Device Letters, Vol. 11. No. 12, December 1990, pp. 564-566
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V. The measured gate leakage current also decreased from

9 #A at 300 K to less than 1 #A at 77 K.

For cryogenic microwave characterization, the devices

were mounted and bonded to coplanar chip carriers. The

devices were measured in a coplanar waveguide test fixture

(Design Techniques) operating in the frequency range of

0.5-11.0 GHz. A spring loading capability was added to the

test fixture to ensure repeatable contacts between the device

carrier and the coaxial connectors. The cryogenic system

included a helium closed-cycle refrigerator, a temperature

controller, a Si diode thermometer, and the test fixture

attached to the refrigerator cold finger. The system is canable

of achieving and stabilizing temperatures down to 77 K. The

microwave measurements were done using an HP8510B au-

tomatic network analyzer. The measurement setup was cali-

brated at room temperature using a set of open, short, and

through standards. Shifts in the reference plane caused by the

lowering of temperature (most likely due to the contraction of

the cables, connectors, and the coplanar lines) were ac-

counted for by cooling a short-circuit standard to the desired

temperatures.
The microwave characteristics of each device were mea-

sured at 300, 200, 120, and 77 K from 0.5 to 11.0 GHz. The

devices were measured at Vas = 1.2, 1.5, and 1.8 V and at

five different Vg, values near the peak g,_ point. For each of
the devices, there was an observed increase in the measured

magnitude of Sz, and commensurate increase in the current

gain H2_ (shown in Fig. 3(a) and (b) for the device with an

1% 70Gao 3oAs channel). The extrapolated extrinsic fr of the

lnos_Ga047As/Ino.52Alo4sAs device showed an increase

from 22 to 29 GHz when cooled from 300 to 77 K, while for

the pseudomorphic devices having channels with x = 0.60

and 0.70, the observed increases were from 28 to 37 GHz

and 39 to 51 GHz, respectively. The increase !n each of the

devices can be attributed primarily to the increase in the

average electron saturation velocity in the channel at lower

temperatures 161.

A standard equivalent circuit, including models for the

bond wires, was generated for each device measured at each

bias condition and temperature. The bond-wire inductances

were initially estimated from the length of the wires and then

were further optimized in the circuit. The extracted intrinsic

f7 values, given by

gmo

fr= 27r" C_-_ (1)

follow the same trend as the measured extrinsic fT values.

The extracted output conductance Ga, decreased at lower

temperatures, as shown in Fig. 4, and shows the same trend

as the dc measured output conductance. The main reason for

this is the improved confinement of the carriers in the 2DEG

channel at lower temperatures. A slight increase in the

extracted gate-to-source capacitance Cg, was also observed.

This was previously observed and modeled in GaAs/AIGaAs

MODFET's [7]. It may be noted that the values of the

various parameters were almost constant as the measurement

temperature was lowered below 120 K.

Another observation that was made during these measure-
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3oak \-._
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Fig. 3. Magnitude of (a) S21 and (b) current gain H2_ _ersu_ frequency

for a pseudomorphic In 0 ToGa0 _oAs,'Ino __, AI o 48As channel MODFET at

77 and 300 K with l/as = 1 5 V and I_, = 0 V.
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_- 40,0

(.3 ?0 0

!= • = 53_, i
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j t"

B/- -- -

0 0
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Fig. 4. Output conductance Gd_ versus temperature lot pseudomorphic

In,Ga t ,As/Ino s2AIo_sAs (x = 0.53. 0.60. and 0.70) channel MOD-
FET's with Va_= 1.5 V and t_ biased for peak gain

ments was the absence of significant effects due to deep-level

traps such as the collapse of I- V characteristics which have

been seen in AIGaAs/GaAs MODFET structures at low

temperatures 18]. It should be noted that since the chamber

was completely enclosed, the measurements were carried out

in the dark. A small threshold shift of up to +0.1 V was

observed in the dc characteristics for each of the devices.
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This value is very small compared to the threshold shifts

observed in A1GaAs/GaAs MODFET devices, which typi-

cally range from +0.2 to +0.4 V [9]. The threshold shift

may occur due to a smaller concentration of deep-level traps

and the small shift in the Fermi levels with temperature.

In conclusion, we have demonstrated and analyzed cryo-

genic measurements of pseudomorphic InxGal_xAs /

Ino+52Alo+sAs MODFET's on InP substrates. Each device

showed an increase in gain and cutoff frequency with de-

creasing temperature with no noticeable degradation in de-

vice performance. Further studies are needed to better under-

stand the cryogenic microwave operation of these devices,

such as the apparent -12-dB/octave rolloff of the maximum

available gain reported by Kolodzey et al. [10] on lattice-

matched Ino_3Gao4:As/Ino.52Alo.+sAs MODFET's. As may

be noticed, our measurement frequency band was not high

enough to detect this phenomenon, if present. However, the

enhanced performance demonstrated in these devices at cryo-

genic temperatures shows that the pseudomorphic

l n_,Ga_ _,As/In o __,A1o _s As MODFET's have great potential

to be used in Jo_-_emperature hJgb4requency circuits.
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Modeling AIxGal_xAs optical constants as functions of composition

Paul G. Snyder and John A. Woollanl

DupurtmcnsolEh'_trau/l:..emccrm'.'+ t n.',_,,'!_ ' ' \<'f",,"/," 1 "_' "" \, i',,,',&_ _>,_'_ <_1t

Samuel A. Alterovitz

.\ -15"_ l+c'ut_ Rc_car_ h ('c_/h'_. ('�cry�end. (;'�It<,-,'4/J5

Blaine Johs

J. I It oo/lum (.'o.. l.mc_dl_. .\chra_Lu (5,'_'._(_,',

( Received 23 May 1990; acceplcd for ptlhhcalion 2 } AtlouM t Qt)l] )

Three models fl_r the dielectric ftlllCtiOll ( < /;1') of At (Jt_ i .'X" _l]_' _'C_iC\_cd. All arc ha..cd oN

measured optical constants al discrete composllioip,. The _alidil_ ol'cach model near cli[icill

point energies, and otherwise, is e,,aluatcd. Only the cncrg_-.,hifl model i., :q_propi iatc o_ ci Ihc

entire availablespeclrum (I.5 6.0eV).includmgtheband gapiE,,) rcgiou

1his comn'l unJca{ioll ;.tad rc,,,,cs the II/Otlc'{IH_ o1

At, (Ja I _A'_ oplicai COllSl_llltS as ;.t i'tlnCti('_ll Ot'COlllpi!MliOll

r Three different modeling approachc,, arc d¢,,crih<.-d;rod

compared Application', include lhtmg speclro,,copi_ d;ml

for heteroMruclure ,,ample,,.c.g. m _ avcguidc dcxigil,cIlip

:.,onlelric characterization, aud more.

Aspnes et aL have measured the dieleclMc funcllOn

(!hv) in the range 1.5-6.0 cV fi)r discrclc nominal comp_si-

tions x = 0.0. 0.1. 0.2. 0.3. 0.4, 0.5. 0.6. 0.7. and 0S.; The

authors noted that compositional variation can be obtained

b_ taking the v, eighled average of the two spcclra clo,,e,,I in

composition after their energy scales have been shifted IO

bring the nearest critical petal energies rote coincidence. 11

_as suggested lhat this would only apply to a limited %pcc-

tral range around the critical point energy E_.

We extended this approach to obtain e(hvl o_cr the

entire measured spectrum, with continuous composuional

_ariability.: With reference to Fig. 1 (from Rcf. I ). three

separate critical p+_int regions are considered: E., 1.4-2.5 eV:

E_ (and E_ -- A_). 2.9-3.9 eV; and E,, 4.8 eV. The energy

positions of these critical points are given m Ref. I as

E.(x) = 1.424 + 1.594x

*xll x)(0.127- 1.310x) eV, (1)

E_ (x) = 2.924 + 0.965x

-.,c(l--x)( 0.157 0.935x) cV (2)

(E, is approximately independent of x).

For arbitrary x (0.01<x<0.8), we construct e,(hv)

from el (hv) and _-_ (hv), which are the measured dielectric

functions with compositions xA <x <x n. Thus ifx - 0.37,

then x_ = 0.3 and x, = 0.4 (more precise estimates of the

actual compositions of the measured samples are given in

Ref. 1; nominal values are used here). The construction con-

sists of shifting the e, spectrum to higher energy, and the e,

spectrum to lower energy, so that the critical point features

coincide at an energy interpolated between the critical point

energies of e-+ and e,, as described below. A weighted aver-

age of the two shifted spectra is then taken. This averaging

accounts, to first order, for the small variation in amplitude

with x (see Fig. I ).

The required energy shift for a given x is a function of

photon cncr,2} /I_ ,\I each of the l'C,o_-dcpcndcnl trifle:t]

point t.'llCl_lc",, Ihc ',hII'Ix :llC _l\Cll I_\

b,. /:',,(A ) /::l>. +_ ) . (." ;

b , /:ll "_ ) Zll i. i , ) 14)

I-}_C ,.UlCl _i_.', Oil the ri_lH-hund sidc', of( 3 ) and _ 4 ) alc £1', cn

b'+ ( I ) zmd i 2 ) For I_bOll'm ener_ic',, othcu |h:lll t:',, title ]:-I"

the follo_.iilgl'.lecc_p,e linear inletpohilion is us,:d Belo\'.

L'..hl hv _i,,c_m,,tant:rodequal to h( I:'.) .AI_m c I:',.,51h v li,,

zero. I_ct_c_.-nI:,,:rod E,. _b!Ir) _arie,,Imcarh hcI_o:n

?)(E,,) and AI E_ ). and holy, con /:" I and E, il "_arics linearl_

hel,.ve_:H ,hi 1:'=} and .lClO Figure 2 SUlllnlari/es the CllCr_}.

shifts a_ I'tlTIClions Of photon energy.

AI a gi_ en photon Cllelgy. then, lhe calculated spt'ctrulII

for .t is the _eighted a_erage of the t_o shifted spectra:

_, (hv} {f , I hv 3 , i bY) ] (x. .t )

- +,.Ih, + _,, h,.;](._ - .t-+)}I'(__, ._,,). (5)

The accuracy of'e- compuled in this algorithm depends

on the accura¢\ of the original _ measurement',, and lhe dil'-

ference bel_cen x and the nearesl endpoinl, .t t or .r_,

30r

+ i

2 3 4 5 6

hv, eV

I:1(i I hl1371i/,ilt pail ,tl Ilk" tllclc'clllc ftlnciion illc,l,lllCd hu

•%1 (i;I \_ t_,llh t IllclC,iMll_ [IOMI()III _[t'l_lll _lpl_lOMIII31c'l} {I ] I}lillT1

Rcf I )
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._ = 0.4. ,,l'_¢Ir.L ,',rag lhe <ner_L'.-,,hif! model ( ,,olid ) and lh¢ EMA model

( dashed )

The measured ,_ ',_.ere estimated Io be accurate to within

2% of the maxinlum _alue for x_.0.5, and to within 5_ for

.,_>0.6. ' For .,¢ coinciding v_ilh .'¢, or A"n . the weighting factor

in Eq. ( 5 ) causes the calculated E and its accuracy to be the

same as the measured E. For x mid,ray between _,c_ and x,.

the accuracy is slightly degraded due to the piecewise linear

approximation chosen for _ ,., (by).

A second approach is to use several discrete harmonic

oscillalors (HO) to model _-, (h_'). For each HO. the ampli-

tude, center photon energy, and broadening parameter can

be given as continuous functions of.,c, allowing E(hv) to be

calculated for any .x. This physically appealing and relativel._

simple approach _as used by Erman et al. to model GaAs

with seven oscillators. _ The result is an accurate approxima-

lion to the measured E o_er most of the spectrum. Unfortu-

nately, the sharp onset of absorption at the band gap is nol

easily modeled with discrete oscillators, so no attempt was

made to model the E,, structure by including an oscillator at

E,,. Thus the HO model is only accurate at energies above.

bul not including, the E,, region.

A third approach which has been taken is to use the

Bruggeman effective-medium approximation (EMA) with

two constituents. E, and,,_,._ This model is not physically

realistic for the case of A1, Ga, ,As. however. The EMA

assumes a microscopic, bul not atomic, mixture of the two

constituents. Each "'grain" is assumed to be large enough

(> 20 ._) to retain its own characteristic bulk dielectric

funciion, but much smaller than an optical wavelength. The

EMA averages the two spectra, taking into account the elec-

trical polarization that occurs at the grain boundaries, as-

suming approximately spherical grains?

In the AIGaAs alloy, there are no grains, and thus no

microstructural polarizing field Io account for. Further-

more. since the EMA is an average of two spectra which are

not energy shifted, critical point features from both spectra

_,ill appear m an EMA composite spectrum. This x_ill be

particularly e'. ident at E..

Figure 3 shows simulated __.(hr) near E.. for x = 0.35.

using the energy-shift and the EMA models. The HO model

would simply show a smoothly decaying _. with increasing

wavelength, and no structure at E,,. The EMA spectrum

contains tu'o absorption edges, one from each constituent

(x, = 0.3 and x, = 0.4), but no structure at E.(x = 0.35).

The energy-shift model shows a single absorption edge at the

appropriate band-gap energy.

It must be emphasized that the E. region is the most

important re_ion for waveguide applications. In addition.

sensitivity to x is highest at E,, making it the most important

region for characterization of composition. Optical con-

stants in this region are ,or adequately modeled by the HO or

EMA models•

Our prexious work with GaAs/AIGaAs heterostruc-

lures clearly showed lhat ellipsometric data measured near

E,, are very sensitive to layer thicknesses and compositions.-"

The energ.v-shifl model is most appropriate for this region.

and it also works well over the rest or the spectrum. Other

work" has emphasized the E, region, where the HO model is

also valid
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ABSTRACT

In this study we report, for the first time, measurements of the dielectric

function of thermodynamically stable InxGal_xAs in the composition range

0.3_X_0.7. The optically thick samples of InGaAs were made by molecular beam

epitaxy (MBE) in the range 0.4_X_0.7 and by metal-organic chemical vapor

deposition (NK)CVD) for X=O.3. The MBE made samples, usually I micron thick,

were grown on semi-insulating InP and included a strain release structure. The

MOCVD sample was grown on GaAs and was 2 microns thick. The dielectric functions

were measured by variable angle spectroscopic ellipsometry in the range 1.55 eV
to 4.4 eV. The data was analyzed assuming an optically thick InGaAs material

with an oxide layer on top. The thickness of this layer was estimated by

comparing our results for the InP lattice matched material, i.e. X=0.53, with
results published in the literature. We removed the top oxide layer math-

ematically for X=O.3 and X=0.53 to get the dielectric function of the bare
InGaAs. In addition, we measured the dielectric function of GaAs in vacuum,

after a protective arsenic layer was removed. We used our dielectric functions

for X=O, 0.3, and 0.53 together with the X=I result from the literature to

evaluate an algorithm for calculating the dielectric function of InGaAs for an

a_rbitrary value of X (O_X_I). We compared results of the dielectric function

calculated using the algorithm with experimental data.

INTRODUCTION

InxGal_xAs is a material with a variety of potential and actual applica-
tions. The most commonly studied concentration is X=0.53, the InP lattice

matched composition. However, strained lattice configurations show great promise

for applications both in optoelectronics and in electronic devices. Applications
of strained layer, modulation doped, heterostructures using an InGaAs conduction
channel on either GaAs [I] or InP [2] substrates, as well as special opto-

electronic applications on GaAs substrates, have recently been published. It

is clear that an experimental determination of the thermodynamically stable

InxGal_xAs dielectric functions versus the composition, X, will be useful for
several reasons. First, the results can be applied directly to the structures

that are fabricated from these materials. Second, the results can be used as

the starting point in calculating strain effects on the dielectric function.

These effects play an important role for optoelectronic applications [3],

especially near the band edge.
All published literature regarding the dielectric function of InxGai_xAs

in the visible is dedicated to the concentration X:0.53, i.e. lattice matched

to InP. Several studies were performed using the highly accurate technique of

Proc. 2nd Int'l. Conf. on Elec. Mats. _ 1990 Materials Research Society
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ellipsometry [4-7]. Thesamplesweremadeby liquid phaseepitaxy (LPE) [4-6]
or by MOCVD[7]. Presently, there are no published reports of the dielectric
function of MBEmadeInGaAs,either lattice matchedor strained layer. Themost
useful data available, to date, is a numericaltable [8] of the results presented
in [5]. Theseresults were obtained on chemically polished In0.53Gao.47Asmade
by LPE.

In the present study, we will describe an ellipsometric, experimental
determination of the dielectric functions of InGaAswith several indium
concentrations (X), both lattice matchedand lattice mismatchedto InP. Wewill
also present an algorithm that can be used to estimate the dielectric function
of InGaAsfor anydesired value of the concentration X.

EXPERIMENTAL

InxGal_xAssamplesin the range 0.4_X_0.7, with roughly 0.i steps in X,
weregrownon semi-insulating InP substrates. Growthin both types of structures
started with a 2000A lattice matchedIn0.53Ga0.47Asbuffer layer. In the first
set, hereafter called set A, this layer was followed by a ~1500A thick graded
composition region (in multiple steps) to reach the composition of the final
layer. Thetop InxGal_xAslayer, which is of interest, is I #mthick and hence
the strain is relieved at the interface with the next lower layer. In the second
set of samples, hereafter called set B, a 30 period superlattice
(30A InxGa1_xAs/30_ InxAll_xAs)wasgrownat the interface before the top layer,
to act as a dislocation filter. All the heterostructures weregrowncontinuously
at 520 °C at a rate of 1.2 #m/hr andwith a V/Ill flux ratio of ~30. TheMOCVD
sample (X=O.3)wasgrownon n÷ GaAs at Spire Corporation. The thickness was
nominally 2 _m and no buffer layers were used. The Ino.3Gao.lAs layer was grown
at 650 °C at a rate of 1.9 _m/hr and with a V/Ill flux ratio of ~75.

The GaAs sample was mounted and measured on a high temperature stage inside
an ultra high vacuum (UHV) chamber. The sample consisted of a MBE grown GaAs
epitaxial layer on a GaAs substrate and was covered with an amorphous arsenic
layer for protection of the surface. Prior to the ellipsometric measurement,
the protecting layer was evaporated by heating the sample to 350 °C in vacuum
for i0 minutes [9]. This procedure [9] yielded a GaAs surface as clean and

smooth as the best chemically polished surface reported previously [i0].
Ellipsometric measurements were made both at NASA-Lewis and at the

University of Nebraska. The technique [11,12] was described previously and will
not be repeated here.

RESULTS AND DISCUSSION

The ellipsometric, experimental parameters _ and A were used to find the

substrate pseudo-dielectric function, i.e. without taking into account any
overlayers. The results of the "pseudo" refractive index, n, for all the

concentrations measured are shown in Fig. I. The X=0.4, 0.6, and 0.7 samples

belong to the set A strain release procedure, while the X=0.53 sample was grown
using the set B procedure. We also measured samples with X=O.4 and 0.7 from set

B. All the graphs clearly show that the El critical point peak is moving to

lower energies as the In concentration increases. The difference in the absolute

value of n versus X is due not only to changes in the indium concentration, but

also to differences in oxide overlayer thickness and surface imperfections.

The results for the samples with X=O.4 and 0.7 from set B show the same values

of the critical point, El, as in Fig. l, but have slightly higher values for n.

This is probably due to a more perfect surface obtained for set B versus set A
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samples. Results obtained for the extinction coefficient showttlo[ [he optical
penetration depth for all samples is well below 1000A, loF wavelengthsbelow
6000A, and below 2000_ anywherein the spectrum. This result reinforces our

assumption that our I-2 #m films are optically thick.
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o0 i t

/nxGao -xjAS (a)x=o.3o
(b)x=0.40

4.5 .1,, (c)x=0.53
,,y,_ "\ _a (d)x=o.so

___.. X_,,"_'i. b (e)x=0.70

,o
3.5 _ '_ _-_- d

3.0 !
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2.5 , . . , I

2.4 2.7 3.0 3.3 3.a 3.9 ,,.2 4.5
Photon Energy (eV)

FIGURE 1. - PSEUDOREFRACTIVE INDEX OF FIVE InxGal_xAS (0.3-_ x "_0.7)
SA_PLES VERSUS THE PHOTON ENERGY.

There are several ways to remove the contribution of the top oxide layer

to the dielectric function. We tried to obtain, simultaneously, the dielectric

function of the InGaAs and the oxide layer thickness using our variable angle

of incidence capability. However, the rather small thickness of the oxide layer
and the large correlations between this thickness and the InGaAs dielectric

function prevented us from obtaining reliable results using this method of
analysis. A good estimate of the oxide layer thickness, for the lattice matched

sample, was obtained using a mode] in which variable oxide thickness and constant

dielectric functions for the In0 53Gao.47As [8] and oxide [13] were used. This
one parameter fit gave an oxide layer thickness of 22.5 A with an excellent mean

square error (M.S.E.) of 0.085 for _ and A fits. Assuming a constant 22.5

oxide thickness, we mathematically removed the oxide contribution for all

samples. The result for the X=0.53 sample is compared to Aspnes data [8] in Fig.

2.- As expected, an almost perfect agreement was obtained between the MBE and

LPE grown materials. The real and imaginary parts of the dielectric functions

for four indium concentrations in the range O_X_I, namely X=O, 0.3, 0.53, and

I, are shown in Figs. 3 and 4 respectively. The functions shown for X=O [9]

are the most recent results, which are very close to the generally accepted data

[10]. The InAs functions were taken from the literature [10,14]. We believe

that these four functions are more representative of the InGaAs material than

those we obtained for other values of X due to the poorer surface quality of the

latter samples. We used a numerical interpolation algorithm to calculate the

value of the dielectric function for an arbitrary value of X, similar to that
used for AIGaAs [15,16]. The algorithm is based on the four functions shown in

Figs. 3 and 4 and uses an interpolation of the critical points and the value of
the dielectric function.
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FIGURE 2. - COMPARISON OF PRESENT DATA WITH ASPNES [81 FOR THE DIELECTRIC

FUNCTION OF Ino.s3Gao._7As VERSUS PHOTON ENERGY.

As a test of the algorithm, we used it to estimate the indium concentration, X,

for a sample from set A with nominal concentration X=0.4. We applied a least
squares fitting procedure to fit the experimental ellipsometric data to values
calculated using the algorithm with X and the oxide overlayer thickness as
variables. We obtained an oxide thickness of 31 A, an indium concentration of

X=0.370 and an M.S.E.=O.39 for the _ and A fits. The result is shown in Fig.
5, in terms of the measured and best-fit pseudo-dielectric functions. The lower

peak value of the experimental <_2>, compared to the best-fit <c2> , is indicative
of a relatively poor surface quality for this sample.
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CONCLUSIONS

Thermodynamically stable InxGa1_xAs samples in the range 0•3_X_0.7 were
grown by MBE and _WDCVD. Samples were I-2 _m thick, well above both the optical
penetration depth and the dislocation range. The oxide overlayer contribution
was estimated by comparison of our results with published data for X=0.53, the
lattice matched concentration. After a mathematical removal of the oxide layer,
the pseudo-dielectric functions of InxGal_xAswere obtained for several values
of X. These functions were interpolated using a special algorithm to calculate

the dielectric function for any value of X. The algorithm was successfully
tested versus our experimental result at X=0.4.
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ABSTRACT

Over the lastthreeyears,NASA Lewis Research Center has investigatedthe application

of newly discoveredhigh temperature superconductorsto microwave electronics.Using thin films

of YBa2Cu3OT.6 and TI2Ca2Ba2Cu30 x depositedon a varietyof substrates,includingstrontium
titanate,lanthanum gallate,lanthanum aluminate and magnesium oxide,a number ofmicrowave

circuitshave been fabricatedand evaluated. These includea cavityresonator at 60 GH_, micro-

stripresonatorsat 35 GHz, a superconducting antenna array at 35 GHz, a dielectricresonator

filterat 9 GHz, and a microstripfilterat 5 Gllz. Performance ofsome of these circuitsas well as

suggestionsforother applicationsare reported.

INTRODUCTION

Investigationsto determine space electronicsapplicationsof high temperature supercon-

ductor (HTS) at NASA Lewis Research Center were initiatedsoon afterthe discovery ofsupercon-

ductivityin ceramic oxides Lal.xSrxCu Oy I and YSa2Cu307.62 with transitiontemperatures S5 K
and 93 K. Soon aftertheirdiscoverieswere made othersfound the Bi-Sr-Ca-Cu-O 3 and TI-Ca-

Ba-Cu-O 4 classof 100 K + superconductors. Since that time the propertiesof thesesupercon-

ductorsbecame known and we concentratedour effortson development of thin filmsof

YBa_Cu307. 6 and Tl2Ca_Ba2Cu3Ox for space microwave applications.The use ofHTS filmsin a

microwave system requiresdevelopment ofthin rdms on microwave substrateswhich then can be

patterned into desiredmicrowave circuitslikefilters,phase shifters,ring resonatorsand delay

lines.Such circuitsaxe used inspace communication, radar,and sensing systems.5 Small si_e,

low loss,low power and lightweight are desirablefeaturesforthesecircuits.

In thispaper,we describethe development of high qualityYBa2Cu307. 6 (YBCO) and

TI2Ca_Ba_Cu30 x (TCBCO) thin fdms on microwave substratescarriedout at NASA Lewis and

also at varioussponsored and cooperativefacilities.The method offabricatingand the evaluation

of variousmicrowave passivecircuitsispresented. At the end futureapplicationsare also

highlighted.

DEVELOPMENT OF THIN SUPERCONDUCTING FILMS

To obtain high qualitysuperconducting thin Fllmson suitablesubstratesfor microwave

applicationsthe substratelatticeconstants must be closelymatched to those of the filmsand
theremust not be a detrimentalchemical reactionbetween the substratesand the films. In addi-

tion,the filmcomposition must be as closeto the correctcomposition as possible.To date,very

high qualityfilmshave been obtained by using severalphysicaland chemical depositiontech-

niques. Many of these techniqueshad requiredpostannealing at high temperatures. This high

temperature anneal causeschemical interactionsat the film-substrateinterface,making the film-
substrateinterfaceunsuitableformicrowave application.6 To circumvent thisproblem, a laser

ablation technique7'sfollowedby an in situannealing procedure has been pursued and developed

for the growth of YBCO films. Also,for the growth of TCBCO films,sputteringand laserabla-

tion techniqueswere chosen and funded at UniversityofCincinnatiand Universityof Nebraska at

Lincoln,respectively.Though, with both methods an ex-situanneal with thallium over pressure

was required.



Both YBCO and TCBCO items were evaluated for their microwave properties. The

reasons why YBCO was selected were because it can be grown single phase easily and has no

competing phases when the oxygen pressure is ! arm or less. Its criticalfieldcan exceed 100 T at

low temperatures and its criticalcurrent is greater than 2x106 A/cm 2 at 77 K. TCBCO films

were chosen because the TCBCO phase has a transition of 125 K in bulk form and early proper-

tiesof bulk TCBCO showed that the material had lower I/f noise than YBCO. The progress to

date on the growth and characterisation of YBCO and TCBCO thin fdrns ispresented

subsequently.

YB_Cu3OT. 6 Films

At the beginning of the research three methods of producing YBCO films were investi-

gated. They were sequential evaporation, coevaporation, and laser ablatiozt. In the following

paragraphs, we briefly describe the techniques and give references for them.

Produced by sequential evaporation. - One of the earliest attempts at The Ohio State University

to produce YBCO films was b_ sequential evaporation of copper, barium fluoride, and yttrium
and followed by a postanneal. This procedure did produce YBCO films that were mainly a-_xis

aligned, but the f'dms generally were poor having low transition temperatures (Tc) and critical

current density (Jc) values and high porosity.I0 Nevertheless, this technique did allow us to set

up the necessary equipment for investigation of the optical and microwave properties of HTS

films.9,11,12

Produced by coevaporation. - Coevaporation is being pursued jointly by Oberlin College and

NASA Lewis. The F_n by this technique is grown at room temperature by coevaporating Cu,

BaF2, and Y from separate electron beam guns. 13 Then the film is postannealed similar to the

postannealed sequentially evaporated films. One of the advantages for coevaporation is that pat-

terns with 2 _m lines can be formed by using photoresist and a lift-offtechnique. So fax the films

produced have had a high Tc of 90 K but Jc in the 5x10 s A/cm 2 range at 77 K. The low Jc is

due to the high temperature annealing conditions which cause a substantial amount of

a-axis growth and porosity.

Produced by laser ablation. - The laser ablation technique 7 has given us the best YBCO films to

date. Films by this technique were produced at NASA Lewis and the technique has also been set

up at The Ohio State University, successfully. The basic principle of laser ablation is that a short

wavelength and short pulse duration laser beam is focused onto a YBCO taxget. This evaporates

the surface of the target and produces a plasma plume. Since the pulse duration is very short

there is very littleheat transferred to the target preventing thermal melting of the target and the

noncongruent evaporation of the individual atoms. Therefore, a stoichiometric composition of the

target is ablated from the surface.

The best films on LaAIO 3 were c-axis aligned and had a T c axound 90.6 K immediately

after deposition as determined by a standard four point resistance measurement. Resistance

versus temperature behavior for a YBCO film isshown in fig.I. Critical current density Jc

versus temperature is shown in fig.2. As can be seen, the value of Jc was 2x106 A/cm 2 at 77 K.

The surface of the films was very smooth with some small structure of about 0.25/_m in size.

This size of structure has been confirmed by scanning tunneling microscopy. In table I, we list

the performance of YBCO and TCBCO thin films on various microwave substrates along with the

microwave properties of these substrates.
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TI2Ca2Ba_Cu30 x Films

TCBCO fdms on LaAIO 3 substrates have been made at University of Cincinnati and

University of Nebraska at Lincoln. University of Cincinnati made their films by r.f. sputtering of
a compressed 2223 powder target 14'16 followed by an anneal in TI vapors. The smooth, dense

films have a Tc between 103 K to 107 K with a 6 K transition width. The fdms arc a mixture of
2223 and 2212 phases. University of Nebraska made their fdms by laser ablation and have

achieved a T¢ as high as 115 K, see fig. $, but typical T c were mound 108 K. is But the films are

not smooth and have some porosity. They used a compressed powder target of TIO2, BaCuO2,

and CaCuO 2. Presently, they are exploring the use of a 2223 target to achieve a film that is

denser and has a T¢ above 120 K.

Microwave Characterization

Surfaceresistance(R,) ofsuperconducting film isa basicphysicalproperty that can be

used to determine the qualityof the film and isnecessaryformicrowave devicedesign. Currently,

surfaceresistancevaluesare obt,_inedby cavity17'Isand striplinemeasurements 19. These meas-

urements axe time consuming, and itwould be worthwhile to correlate R s with dc or low fre-

quency measurements, such asdc conductivityabove Tc, magnetic penetrationdepth, Tc, and a.c.

susceptibilitymeasurement; but so far therehas been no consistentcorrelationreported between

any of thesemeasurements and R,. The microwave conductivity(¢) isanother physicalproperty

that can be measured. The conductivityfor a superconductor iscomplex (_r= ¢I -{-i¢2]when the

temperature isbelow T c and itcan be relatedto R, and to the penetrationdepth (A)"v.

Miranda et al. 12 have determined # by measuring the microwave power transmitted

through superconducting thin films in a waveguide experiment. From the value of _2 the mag-

netic penetration depth (A) can be obtained. A summary of results of #1, Ao, R, for YBCO film

on various substrates is shown in table I1. The R, for these lrdms were c_dculated from _rl, and

A. For YBCO on LaAIO 3 the R, was 1.4x10 "3 fl which compares very well with other data. 21
The surface resistance is an order of magnitude lower than that of copper up to 60 GHz. 21 This

demonstrates that with microwave transmission measurements one can obtain the Re, A, and # of
HTS films. These three properties are necessary for the determination of the quality of HTS films

and the designing of microwave circuits.

FABRICATION

We have developed a method to fabricatemicrowave circuitsand testdevicesfor HTS

films. The method isto use standard photolithography using negative photoresistand a "wet"

chemical etchant. This etchant was eithera 1 at % solutionof bromine in ethanolor dilutephos-

phoric acid in water. In addition,circuitsidenticalto the HTS circuitswere made from patterned

gold. This allowsa directcomparison between HTS and gold circuits.

APPLICATION INVESTIGATIONS

The applicationofHTS to communication or radar systems does not only depend on the

propertiesofHTS material but _Isothe totalsystem cost versusperformance. The'singlemost

important issuefor space communication isthe possibleneed for cryogeniccooling. IfHTS cir-

cuitsmust be cooled cryogenicallythen that costin terms ofpower and weight must be considered

along with the improved performance of the devicesand any savings inweight and power from

the replacement ofstandard equipment with HTS equipment. However, thereare some missions,

such as deep space probes that only would require passive cooling or other missions where cryo-

genic cooling is necessary for other functions, where this would not be an issue. Some of the
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microwave applications and testing are discussed below. A brief description of each is made or

referred to. The applications under investigation are resonators, filters, phase shifters, hybrid

circuits, and antennae.

60Gl-lz Cavity

The surface resistance of HTS films can be calculated directly from the "Q" value of a

resonate cavity experiment where one of the end wails of the cavity is replaced with the HTS

film. is This has been done at 60 GHz for YBCO f'dms on LaGaO 3 and SrTiG 3. The R, values
for the two fLImS c_n be seen in fig. 5. These f'dms were approximately 1 pm thick; therefore,

being polycrystalline c-axls oriented f'dms. The results obtained agreed with other 21 results for

YBCO films grown by laser ablation and sputtering but measured at different frequencies. This

agreement conf'wms the f2 dependence of R. and that the microwave properties for polycrystal-

line films of YBCO is independent of whether the films axe grown on SrTiO 3 or LaGaO3..

Resonator Circuits

HTS striplineringresonatorswere fabricatedon LaAIO 3 substrates.32 For measurement

the resonatorswere mounted in a cosinetaperedridgewaveguide to microstriptestfLxtureas

shown in fig.4. That structurewas cooled by a closedcyclerefrigerator.The resonatorswere

measured by an HP8510 automatic network analyzer. The resonance frequency of the resonator

changed rapidlywith temperature just below T c. This change was due to the change in the cir-

cuit reactancecaused by the change in the magnetic penetrationdepth.22

The best resonators measured to date and compared to gold is shown in fig. 6. The

unloaded "Q" ranged from 2500 to 1000 at 20 mad 77 K, respectively. This corresponds to a

surface resistance value of 8 mr/ at 77 K at 35 GHz, a value two to three times better than copper

at the same temperature and frequency.

Filters

Another candidate for application of HTS thin films is in the area of passive microwave

filters. Taking advantage of the low losses for HTS film we have considered where they could be

applied within a satellite transponder to improve performance. Based on results obtained to date

on the performance of superconducting microstrip resonator circuits with high "Q" values as

compared to an all metal microstrip resonators, we project the application of superconducting

passive circuits as low loss, high "Q" f'dters 13, high "Q" resonators, delay lines, power splitter,

power combiners, and resonator stabilized oscillators.

Phase Shifters

In additionto theseapplications,extremely low lossphase shiftersusing superconducting

switches are alsofeasible.In fig.7,we show a phase shifterwhich utilizessuperconducting-

normal-superconducting switchesinplaceof FET/diode switches. The switchesare fabricated

from high temperature thin f'Llmsof YBCO. The switchesoperatein the bolometricmode with

the film near itstransitiontemperature. Radiation from a lightsourceraisesthe temperature

higher than the film'sT c and consequentlycauses the film to become resistive.When the lightis

"on _ the microwave signaltravelspast the switch,but isreflectedwhen the lightisoff. To

achieve the desiredphase shift,the pair switcheson the same side isilluminated.Fig. 8 shows

the predictedbehavior for a 180" phase shifterwith a R, value that isthe same as gold at 77 K

and having a R, of 100 pf/ inthe normal state. Ithas an with exceptionalnarrow insertionloss

envelope and excellentreturnloss.
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Hybrid Semiconductor/Superconductor Device

The natural use of hybrid semiconductor and superconductor devices will be where III-V

compound semiconductors, such as AIGaAs, InGaAs, and IH-V hetrojunction material, will be

used at temperature around 77 K for devices that cannot operate or give the necessary

performance at room temperatures. Some of these applications axe for low noise amplifies at fre-

quencies above 22 GI-_ or solid state amplifiers above 70 GHz. Since these semiconducting

devices will have to be cooled to 77 K there is no penalty in terms of the cost or reliabilityof the

refrigeration to be paid to use superconductor devices. Therefore, it is natural to use HTS circuits

in conjunction with HI-V semiconductors devices to obtain the best performance of devices at

these temperatures.

In fig.9, we show an example of hybrid semiconductor/superconductor device for an ultra

low noise receiver for satelliteapplications. This receiver take the advantage of the excellent noise

properties of AIGaAs HEMT technology and the low noise and resonator properties of

superconducting transmission lines to achieve the ultra low noise and stable amplification.

Superconducting Phased Arrays

Superconducting antennas have long been imagined as extremely low loss devices. The

use of superconductors to reduce the size of antennas to a fraction of a wavelength and to make

super-directive arrays have been some of the more popular subjects. It has been show recently,

however, that of these various uses, the most _)racticaluse of superconductors in antennas will be

in microwave and millimeter wave antennas. 2° To demonstrate the use of superconductors in

such antennas, current research at NASA Lewis, in cooperation with Ball Aerospace, is focusing

upon the fabrication and testing of a four element planar array at 30 GHz (fig.10}. The perform-

ance of this antenna will be compared to an identical array fabricated using gold instead of HTS.

CONCLUSIONS

We have demonstrated that rare-Earth oxide thin superconducting f'dms can be deposited

on various microwave substrates with criticaltemperature T c above 77 K, criticalcurrent

densities Jc above 106 A/cm 2, and low surface resistance. The films can be easily etched into

microwave transmission line circuits. Microwave circuitring resonator fabricated from a YBCO

superconducting film on LaAIO 3 substrate showed "Q" values four time that for similar resonator

made from a gold film. Several key HTS circuitssuch as filters,oscillators,phase shifters,and

phased array antenna feeds are feasible in the near future. For technology to improve further,

reproducible, large area f'rimshave to be grown on low dielectricconstant, low loss microwave

substrates. Tradeoffs between superconducting microwave circuits with cryogenic systems and

normal metal microwave circuitswill have to be quantitatively established to determine their

suitability for advanced communication and sensor systems.
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TABLE I. - KEY PROPERTIES OF MICROWAVE SUBSTRATE MATERIALS

AND THE TRANSITION TEMPERATURE (To) FOR LASER ABLATED

YBa_Cu30 7 FILM ON THE VARIOUS SUBSTRATES

Material

Magnesium oxide (MgO)

Lanthanum aluminate

(LaA103)

Lanthanum gallate

(LaGaO3)

Sapphire (A1203)

Yttria stabilized

zirconia (ZrO)

Silicon (Si)

Gallium axsenide

(GaAs)

Laser,

T c (K)

88

9O

88

73

89

Dielectric

constant

9.65

22

27

9.4

11.6

27

12

13

Loss

tangent

4x10 "4

5.8xi0 "4

2x10 "3

lxl0 "6

6x10 "4

10xl0 "4

6x10 "4

Lattice

size,

i

4.178(lOO)

3.792(uo)

3.892(110)
5.111 (011)

3.8795 (100)
5.43 (lOO)

5.563 (lOO)

TABLE II. - THE REAL PART OF THE CONDUCTIVITY • = al + ia2,

AND AT 77 K AND 33 GHz, THE CALCULATED R 6 AT 5 GHz, THE

MAGNETIC PENETRATION DEPTH (Ao) FOR YBa2Cu30 7 FILMS ON

LaAlO3, MgO, AND YTTERIA STABILIZED CUBIC ZIRCONIA (¥SZ)

Substrate

LaAIO 3

MgO

YSZ

Thickness,

nm

177

350

120

cr1,

s/m

2.5xi05

1.2x10 s

2.4xi05

n. (n),
33 GHz

1.8x10 "3

5.9xi0 "3

2.5xi0 "3

R, (n), _o,
5 GHz nm

41x10 "6 360

135x10 "6 530

57x10 "6 590
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Research on thin film ceramic superconductors has enjoyed success and it is now clear that

this technology has advanced to the point that it is ready for application. Many of the thin

film applications involve microwave passive devices and there is great interest in the

development of high temperature superconductor (HTS) based active three terminal devices

to provide the foundation of a complete high performance cryogenic microwave circuit
technology. Of course it is widely known that because of the temperature dependence of

semiconductor materials - especially ln-v semiconductor materials, three terminal HTS

devices may not be necessary for the development of cryogenic microwave circuits with

superior performance. NASA is active in the development of HIS microwave circuit

components. In order to provide, in the relatively short term, all of the elements of high

performance cryogenic microwave drcuits we are focusing our active device efforts on

optimizing 1TI-V material based on semiconductor active device designs for cryogenic

operation. Progress in this work, and also in our HTS microwave passive device

development effort is reviewed.

1. BACKGROUND

Immediately upon the announcement of the discovery of high temperature superconductors
early in 1987 la NASA Lewis Research Center initiated an investigation of their application

to microwave electronics, particularly for use in communications, radar, or radiometry

systems. In the absence of commercially available sources of materials, however, the
necessary first step in this research was the fabrication of appropriate films. This activity

has concentrated mainly on the YBa2Cu3OT. z (YBCO) system, since it was the first "high

temperature" material discovered and its properties are best known. In addition, however,

NASA sponsors activities aimed at the evaluation of TlaCa_a2Cu30 x (TCBCO). For either

system, the next critical step was the identification of substrates which would be useful for

microwave applications. Most initial investigations of YBCO films for example, were

conducted on strontium titanate substrates, which offered the advantages of being nearly
lattice-matched with YBCO and displaying little or no chemical interaction at the interface.
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Strontium titanate, however, has an unacceptably large dielectric constant for use as a

microwave substrate. On the other hand, the most commonly used microwave substrates,

such as silicon and MgO, appear to be incompatible with the YBCO. A major step toward
the resolution of this difficulty was taken with the identification of lanthanum nluminate as

a useful substrate. Although its loss tangent is larger than one would like, it has served as
a useful demonstration substrate for most of the circuitry developed to date.

In addition to film deposition, other critical areas requiring work included rf evaluation,
microwave circuit fabrication, and rf testing of cryogenic circuits. All of these have been

addressed with considerable success, and the fabrication of passive superconducting
microwave circuits has now been conclusively demonstrated.

In the course of these investigations, however, it became dear that the growth of complex

multilayer structures, such as are necessary for the fabrication of three terminal devices

would require a considerably longer effort. It seemed prudent therefore to consider

semiconductor materials and devices which might be suitable for incorporation into
amplifiers, switches, phase shifters, and other microwave circuitry which utilizes I-ITS

technology and operates at cryogenic temperatures. Such devices would be easily integrable
with superconducting circuits based on microstrip or coplanar waveguide transmission lines.

They would in fact offer some advantages, such as graceful degradation in the event of a

cooling failure. An example of such a circuit, a hybrid low noise receiver is shown in Figure

1. To develop appropriate devices, an investigation of low band gap materials such as

indium-rich lnGaAs was undertaken in collaboration with the University of Michigan.

2. FILM FABRICATION AND EVALUATION

2,1 Film deposition

2.1.1 YBCO films

In general it has been observed that the most useful films for microwave applications are

those deposited by methods which require no post annealing. 3 Such a high temperature post
anneal is thought to induce chemical reactions at the film-substrate interface to the

detriment of the microwave properties. This has been verified by work at NASA Lewis,

where three methods of deposition were investigated. These included sequential
evaporation, co-evaporation, and laser ablation

The first superconducting films produced under the NASA program were grown at Ohio
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State University by means of sequential evaporation of copper, barium fluoride, and
yttrium. 4 These films played an important role in the program in that they were useful in

the development of characterization methods. However, the films required post-annealing
and exhibited low transition temperatures, low critical currents, high porosity, and were

strongly a-axis aligned, s

A second technique currently under investigation for growth of YBCO films is co-

evaporation. _ This work is being carded out at Ober "finCollege in cooperation with NASA
Lewis personnel, and deposits films at room temperature by co-evaporating Cu, BaF 2, and

Y from separate electron guns. Films grown by this technique exhibit high critical
temperatures (90K), but reduced critical currents, apparently due again to high temperature

post-annealing which produces a-axis alignment. However, coevaporation does offer the

advantage that it is amenable to conventional photoresist/lif-t-off techniques for patterning.

Using such methods, pattern features as small as 2 microns have been produced.

Unquestionabl),, the most successful method for production of thin films of YBCO has been
laser ablation.- The geometry of the process is shown in Figure 2. Pulses from an excimer
laser (248 nm) are focused onto a YBCO target, supplying an instantaneous power density

of 100 to 200 megawatts/cm 2 at the target surface, and producing a plasma plume whose

composition closely reflects the stoichiometry of the target. Following the deposition, which

takes place with the substrate heated to 77_C_., a 2-hour in-situ anneal in oxygen at the

reduced temperature of 450' C is carried out. The DC properties of films produced by laser

ablation are shown in Figures 3 and 4. Critical temperatures as high as 90.6 K and critical

currents as high as 2x106 amperes/m" at 77 K have been observed. In addition, X-ray
studies indicate that the films are strongly c-axis aligned.

2.1,2 TCBCO films

The development of high quality films of thallium-based material is less mature than the
work on YBCO. However, promising results have been obtained from NASA-sponsored

work both at the University of Nebraska, where efforts have focused on laser ablation, and

at the University of Cincinnati, where investigations concentrate on the d-sputtering of a

compressed powder target followed by annealing in thallium vapor. Nebraska has achieved
a critical temperature as high as l lSK, but films generally are rather rough and porous, s

Cincinnati has produced dense films with T. between 103K and 107K, but the films are
clearly a mixture of 2223 and 2212 phases. 9"to Thallium films have also "been produced by

Superconductive Technology Incorporated under NASA's Small Business Innovative
Research (SBIR) program, and have in fact been patterned and incorporated into simple
microwave circuits.
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2.2 RF characteristics of film_

The superconducting films produced here have been extensively studied to determine their
intrinsic RF properties, which in turn are useful in assessing their potential for use in

microwave circuits. The basic experiment involves measuring the relative magnitude and

phase of RF power transmitted through a thin film of the material under study.
Measurements were made under vacuum in a specially designed chamber. The sample was
clamped between two waveguide flanges mounted on top of the cold head of the
refrigerator. Waveguides were made of thin walled stainless steel to mlnlrn_Te heat

conduction. From the tranmission data, assuming a two-fluid model, one may extract the

complex conductivity, the magnetic penetration depth, and the RF surface resistance. Typical
experimental data are shown in Figure 5. The results of the analysis are given in reference
11. In addition, evaluations have been carried out using a resonant cavity at 58 GI-Iz. _

3. PASSIVE MICROWAVE CIRCUITS

3.1 Overview

A number of microwave circuits have been fabricated and tested at this time. For the most

part, these were selected either on the basis of the fundamental information which they
could yield, or on the likelihood of their use in a realistic system. In most cases, in addition,

ease of design and fabficaton was a consideration. As a result, at this time, simple
microstrip circular resonators have been investigated fairly intensively. In addition to being

relatively easy to design and fabricate, they are an invaluable tool for obtaining realistic
information on the microwave performance of film-substrate combinations. Other, more

complex circuits which have been investigated include an optically activated phase shifter,
a 7 GHz microstrip filter (in collaboration with COMSAT Laboratories), a 10 GHz

dielectric resonator filter (in collaboration with Ford Aerospace), a 10 GHz patch antenna

element (in collaboration with NASA Johnson Space Center, and a patch array antenna (in
collaboration with Ball Aerospace).

3.2 Circuit fabrication

For passive circuits using YBCO films standard photolithography with negative photoresist
and wet chemical etching was used. The etehant was either a 1 at% solution of bromine

in ethanol or a dilute phosphoric acid in water. For all of the microstrip circuits described

here, a normal metal ground plane consisting of 1 micron of gold atop 10 nm of titanium
was used.
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3.3 Circuit evaluation

3.3.1 Cryogenic apparatus

Testing of microstrip circuits at cryogenic temperatures was carried out using the

experimental test fixture shown in Figure 6. It was placed in a cryostat with dosed-cycle

cooling and waveguide input for RF signals via a cosine tapered ridge waveguide transition

to microstrip. The RF measurements used conventional calibration methods and an

automatic network analyzer.

3.3.2 Microstrip resonators

Microstrip ring resonators of the type shown in Figure 6 have been studied over the
frequency range 34 to 36 GHz and at temperatures from 21K to above T,.. t3 Such circuits

have been fabricated and tested, using both YBCO and TCBCO circuits, a lanthanum

aluminate substrate, and a normal metal ground plane. Typical data (return loss versus

frequency) for a YBCO circuit at several temperatures are shown in Figure 7. From these

data, it possible to extract unloaded Q-values for the resonator. These are shown in Figure

8 as a function of temperature for YBCO circuits, TCBCO circuits and gold circuits. It can

be seen that the Q for the YBCO resonator ranges from 2500 at 20 K to 1000 at 77 K. This

corresponds to a suHace resistance of approximately 8 milliohms at 77 K and 35 GHz, a

value two to three times better than copper at the same temperature and frequency. For

the TCBCO devices fabricated under NASA's SBIR program by Superconductor

Technologies Incorporated, the Q-values are somewhat lower than for YBCO, except of

course in the temperature region above the critical temperature of YBCO. It seems likely

that the poorer performance is in pan due to the fact that the techniques for production of

the TCBCO films include post-annealing.

3.3.3 Phase shifters

In principle, considerable improvement in performance, especially insertion loss, could be

obtained simply by substituting a superconducting patch for an active device such as a FET

or diode in a switched line, true time delay phase shifter. The layout for such a device is

shown in Figure 9. For the device fabricated at NASA Lewis, switching between normal

and superconducting states is induced bolometrically, heating the superconducting switch

with optical energy delivered via optical fiber. Preliminary tests indicate that switching times
achievable in this manner are on the order of 200 microsec, which is likely too slow for
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many applications. Thermal analysis of the device also indicates that faster switching times

are unlikely unless substrates with smaller thermal conductivities are employed. At the
present time, a substrate with both the ideal thermal and microwave characteristics has not
been found.

3.3.4 Microstrip filter

The fabrication of a microstrip filter has been carried out in conjunction with COMSAT

Laboratories. Based on the lower surface resistance of the superconducting material, it
should be possible to obtain such a filter with a reduced in-band insertion loss and sharper
passband edges than could be obtained with normal metals. Using a COMSAT design,

NASA Lewis personnel have fabricated a 2-pole, 7 GI-Iz microstrip filter. A photo of the
finished filter is shown in Figure 10. The filter is presently undergoing testing at COMSAT.

Its preliminary frequency response is shown in Figure 11.

33.5 Dielectric resonator filter

A 3-pole dielectric resonator filter for operation at 9.2 GHz has been fabricated in

conjunction with Ford Aerospace. The filter, which was designed and built by Ford, uses

NASA-supplied superconducting films as cavity walls, thereby reducing in-band insertion

loss. A schematic diagram of the filter is shown in Figure 12. The filter is intended as one

of the experiments to be tested in space as part of the Naval Research Laboratory's High
Temperature Superconductor Space Experiment 0-rrssE). To date Ford has delivered 5

modules to NRL, where they have been subjected to vibration and thermal testing. The

HTSSE launch is scheduled for 1992. Complete data for the Ford superconducting filter
is not yet available.

3.3.6 Superconducting antenn.as

Two investigations of the application of HTS materials to antennas are presently being
pursued under NASA sponsorship, with active participation by Lewis personnel. The first

of these involves the application of superconducting materials (YBCO) to a simple patch

radiator and its assodated feed microstrip feed lines. The 10 GHz radiaffng element, which

was designed by Johnson Space Center and fabricated at Lewis, is presently undergoing
testing (radiation patterns and effidency) at JSC.. For this application reduced conductor

losses should increase the radiation effidency of such a device, and thereby increase the
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overall gain of the antenna. No experimental results are available at this time.

A parallel investigation of the use of HTS films for antennas is studying their advantages

in arrays, where excessive conductor losses in the power divider/feed network can
significantly limit the real gain of an array. This work is being carried out in cooperation

with Ball Aerospace, and is also supported by NASA through its SCAR program. As with

Ford and JSC, a first design of a 30 GI-Iz 2x2 array has been carried out by Ball and the
device has been fabricated at NASA Lewis. The finished design, including power divider

and feed network, is shown in Figure 13 and is presently undergoing testing at Ball.

4. SEMICONDUCTOR DEVICES FOR CRYOGENIC CIRCUITS

In collaboration with the University of Michigan, NASA Lewis has systematically

investigated the performance of FETs based on an In_Gaa.,fi.s/inP structure. As shown in

Figure 14, the InGaAs system offers the possibility of exceptionally low band gaps. Such

materials may not be practical for use in room temperature devices due to thermally

generated leakage current, however, this should not be a problem at cryogenic temperatures.

The structure, shown in Figure 15, consists of an active channel of InGaAs on an InP

substrate. By using active layer indium concentrations higher than 53% percent, one creates

a _pseudomorphic" structure, in which the active layer is strained due to the lattj.'ce mismatch
between InGaAs and InP. In addition, however, the higher indium concentration and lower

band gap energy of the lnGaAs result in better charge containment, higher mobility, higher

cutoff frequencies, and greater performance enhancement at reduced temperatures. Also,

such devices should avoid the problems arising from the presence of DX centers in similar

devices using A1GaAs active layers.

Michigan has grown material and fabricated FET devices with 1 micron gate lengths for
indium concentrations from 53% to 80%. The devices have been tested as a function of

frequency (1-26 GHz) and temperature (55-300 K) at NASA Lewis. The results are shown
in Figure 16. It is clear that a sizeable improvement in performance is obtained by cooling

these devices to approximately 120K, although further improvement below that point is
marginal. In addition, it would appear that indium concentrations higher than approximately
70% do not yield further improvement in performance. Michigan researchers, however,
have attributed this to the development of "islands" of nonuniform growth during the
molecular beam epitaxial deposition of the InGaAs layer. Efforts are planned to remedy
this problem by means of migration-enhanced epitaxy, which will control growth parameters
in such a way as to prohibit initiating the growth of any layer until the preceding one has

achieved flail coverage of the substrate. If true monolayer epitaxy can be achieved thereby,
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it seem._ Likely that devices can be further improved by using indium concentrations higher
than 70%.

5. CONCLUSIONS

At the present time, a variety of passive microwave circuits have been fabricated using high

temperature superconductor technology. Their performance in most cases, particularly at

frequencies below I0 GHz, represents a significant improvement over normal metal

components. In addition, NASA Lewis will soon begin efforts to integrate semiconductor

materials with passive superconducting components. It is dear, however, that specific system

studies are necessary to determine whether the performance enhancement achieved offsets

the obvious complication introduced by the cooling reqtfirements. Clearly, this trade-off

would be affected dramatically if components could be fabricated from TCBCO, whose

110K critical temperature makes it a strong candidate for passive cooling in space. At the

present time, however, it would appear that improvements in TCBCO processing are

required in order to obtain surface resistances comparable to YBCO.
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EMERGING APPLICATIONS OF HIGH-TEMPERATURE SUPERCONDUCTORS

FOR SPACE COMMUNICATIONS

Vernon O. Heinen, Kul B. Bhasin, and Kenwyn J. Long

National Aeronautics and Space Administration

Lewis Research Center

Cleveland, OH 44135

SUMMARY

Proposed space missions require longevity of communications system

components, high input power levels, and high speed digital logic devices.

The complexity of these missions calls for a high data bandwidth capacity.

Incorporation of high temperature superconducting (HTS) thin films into some

of these communications system components may provide a means of meeting these

requirements. Space applications of superconducting technology has previously

been limited by the requirement of cooling to near liquid helium temperatures.

Development of HTS materials with transition temperatures above 77 K along

with the natural cooling ability of space suggest that space applications may

lead the way in the applications of high temperature superconductivity.

In order for HTS materials to be incorporated into microwave and

millimeter wave devices, the material properties such as electrical conductiv-

ity, current density, surface resistivity and others as a function of tempera-

ture and frequency must be well characterized and understood. The millimeter

wave conductivity and surface resistivity have been well characterized, and at

77 K are better than copper. Basic microwave circuits such as ring resonators

have been used to determine transmission line losses. Higher Q values than

those of gold resonator circuits were observed below the transition temper-

ature. Several key HTS circuits including filters, oscillators, phase

shifters and phased array antenna feeds are feasible in the near future. For

technology to improve further, good quality, large area films must be repro-

ducibly grown on low dielectric constant, low loss microwave substrates.

Tradeoffs between superconducting microwave circuits with cryogenic systems

and normal metal microwave circuits will have to be quantitatively established

to determine the suitability for advanced communications systems.

INTRODUCTION

Space application of superconducting technology has previously been

limited by the requirement of cooling to near liquid helium temperatures. The

discovery of HTS materials with transition temperatures above 77 K along with

the natural cooling properties of space suggest that space operations may lead

the way in the applications of high temperature superconductivity. Proposed

space missions require longevity of communications system components, high

input power levels, and high speed digital logic devices. The complexity of

these missions calls for a high data bandwidth capacity. To ensure adequate

efficiencies, the microwave surface resistance of the component materials must

be reduced to as low a level as possible. Incorporation of high critical

temperature superconducting (HTS) thin films into some of these communications

system components may provide a means of meeting these requirements as well as
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offering enhanced efficiency and reductions in size and weight.

The use of high T superconductors in a microwave system requires
c

development of thin films on microwave substrates which can be patterned into

desired microwave circuits such as filters, phase shifters, ring resonators

and delay lines. The superconducting thin films for microwave circuits need

to be deposited on low-dielectric-constant and low-loss substrates, have

smooth morphology, high critical temperature Tc, high critical current

density Jc' and low surface resistance R.. Furthermore, films on the

substrates must be evaluated in devices such as microstrip or ring resonator

circuits to determine the quality factor, Q, and various loss factors before

appropriate microwave circuit applications can be developed.

STATUS OF HIGH-T SUPERCONDUCTOR PROPERTIES
C

To obtain high quality YBaCuO films on suitable substrates, the lattice

constants of the substrate must be matched to those of the film, and there

must be no detrimental chemical reactions between the substrate and the film.

In addition, the film composition must be as close as possible to the desired

stoichiometry. Many of the physical and chemical deposition techniques used

to obtain high quality films require post-annealing at high temperatures.

This high-temperature anneal causes undesirable chemical interactions at the

film-substrate interface, making it unsuitable for microwave applications

(ref. i). To circumvent this problem, an in situ annealing procedure, which

allows lower growth temperatures, has been used to grow epitaxial films using

a laser ablation technique (ref. 2).

The best laser-ablated film had a T of 89.8 K immediately after
c

deposition, as determined by a standard four-point resistance measurement.

From x-ray diffraction data, the film was determined to be c-axis aligned. In

table I, we list the performance of YBa2Cu307 thin films on various microwave

substrates along with physical properties of these substrates. As can be

seen, the value of J was greater than 106 A/cm 2 at 77 K.
c

Surface resistance characterization of superconducting films offers

valuable information on the film quality for microwave surface applications.

Currently, surface resistance values are obtained by cavity (refs. 3 and 4)

and stripline measurements (ref. 5). Correlation between material properties

(i.e., To, dc conductivity above To, and penetration depth) and surface

resistance are still not well understood for new high T superconducting
c

films. Conductivity is a complex quantity, G = O 1 + jO 2. For 02 >> 01 one

can obtain the surface resistance of superconducting film

312

R, : O. 501/_/G 2 ( I )

where 02 is related to the penetration depth _ by

O 2 = I/W_X 2 (2)
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To obtain superconducting film surface resistance values that are lower

than those of a normal metal, the smallest values of G I and _ are desired.

Miranda, et al., (ref. 6) have measured microwave transmission in a waveguide

for superconducting films. From the transmission data, using the two-fluid

models, G I and _ have been obtained. The surface resistance for films

deposited on LaAIO 3 was calculated. In figure i, which is adopted from

reference 7, we show the quadratic variation of the surface resistance for

laser-ablated YBaCuO films on microwave substrates. The surface resistance is

several orders of magnitude lower than that of copper. Surface resistance,

penetration depth, and microwave conductivity measurements provide valuable

information on the quality of these films for microwave circuits.

Microstrip resonators patterned from thin films on microwave substrates

allow direct measurement of microstrip losses. We have fabricated microstrip

ring resonators operating at 35 GHz from laser-ablated YBaCuO thin films

deposited on lanthanum aluminum substrate (ref. 8). Several groups have

studied resonator circuits at lower frequencies (refs. 5, 9 to ii). The

resonator circuits we fabricated were patterned by standard photolithography

using negative photoresist and a "wet" chemical etchant. These resonators

were characterized using a Hewlett-Packard 8510 Automatic Network Analyzer,

operating in a WR-28 waveguide. Two features are apparent: (i) the coupling

changes with temperature (the coupling coefficient increases with decreasing

temperature), and (2) the resonant frequency shifts with temperature. This

change is a consequence of the dependence of internal impedance of the strip

on the varying normal and superconducting electron densities.

The best resonators measured to date have shown unloaded Q values

ranging from 2500 to i000 at 20 and 77 K, respectively. This corresponds to a

surface resistance value of, at most, 15 m_ at 77 K at 35 GHz, a value two to

three times better than that of copper at the same temperature and frequency.

The 33 to 37 GHz YBaCuO ring resonator circuit developed at NASA Lewis is

viewed as a precursor to frequency-selective filters and may have potential

application in enhancing the efficiency of radiating antenna elements. Such

HTS resonating circuits have a high Q as compared to equivalent normal metal

circuits and may afford reduction in size and mass of electronically-steered

millimeter wave antennas.

POTENTIAL APPLICATIONS

Passive Microwave Circuits

High T superconducting thin films have shown lower surface resistance
c

than copper. Low conductor losses have been demonstrated for a high T
c

superconducting ring resonator circuit. Low surface resistance and conductor

losses are desirable in passive microwave circuits used in communication and

radar systems since they offer increased bandwidth, reduction in loss and

size, and provide low noise. A complete system analysis of the impact of high

T superconducting microwave circuits remains to be undertaken. From a block
C

diagram of a satellite transponder (fig. 2), we have considered several

potential applications of HTS microwave circuits in satellite communications

system components. Based on results obtained to date on the performance of
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superconducting microstrip resonator circuits with high Q values, one can

easily project the application of superconducting passive circuits as low

loss, high Q filters (ref. 12), high Q resonators, delay lines, power

splitter combiners, and resonator stabilized oscillators.

HTS materials may be most effective in enhancing the efficiency of

phased-array antennas when incorporated into interconnects and power dividers.

Thin films of YBaCuO offer a reduction An resistive heating loss relative to

gold and copper, and could conceivably be designed into microstrip lines.

This frequency-dependent resistive heating loss effect is most significant at

frequencies below Ka-band (N20 to 30 GHz). However, as frequency increases

individual elements become smaller. The number of required elements

increases, necessitating more complex interconnects, thereby making the

overall savings from HTS materials more significant.

At submillimeter frequencies (f _ 300 GHz), RF ohmic losses in antenna

elements of normal metals are on the order of a fraction of a decibel. HTS

antenna patch elements would thus yield only a slight advantage over normal

metal components in this frequency range. However at millimeter-wave opera-

tion (30 GHz _ f < 300 GHz), ohmic losses in antenna elements and intercon-

nects are significant in normal metals, making benefits from HTS materials

appreciable. The small antenna sizes required at these frequencies are more

readily encapsulated in cryogenic envelopes than are microwave-frequency

elements. The critical current density of HTS thin films should exceed the

current densities in proposed space communication antenna systems, which is

expected to be on the order of 105 A/cm 2 or less.

Granular YBaCuO and BiCaSrCuO detectors have been fabricated and tested

at 77 K, between 24 and ii0 GHz (ref. 13). Superconducting microstrip lines

were used as IF and/or video output lines. All detectors showed a dramatic

increase in sensitivity below 77 K. The theoretical high-frequency limit

(determined from the superconductor energy gap) for these detectors is in the

low terahertz range. However, the experimental video response decreases by

about one order of magnitude when the carrier frequency is increased from I00

to 300 GHz. This research determined that the properties of HTS ceramics, and

thus the resulting detector performance, are highly dependent upon the

substrate material and are most likely tied to the dielectric properties of

the substrate.

In addition to these applications, extremely low loss phase shifters

using superconducting switches are also feasible. In figure 3, we show a

phase shifter which utilizes superconducting-normal-superconducting switches

in place of FET/diode switches. The switches are fabricated from high T
c

thin films of YBaCuO. The switches operate in the bolometric mode with the

film held near its transition temperature. Radiation from a light source

raises the temperature and consequently causes the film to become resistive.

If the switches in the reference path are illuminated, they too will become

resistive. The switches on the opposite side of the device are superconduct-

ing. Since each switch is positioned one quarter of a wavelength from the

junction, the signal will be reflected from the delay path in phase. A

similar phenomenon occurs at the output port. To achieve the desired phase
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shift, the opposite set of switches is illuminated. Figure 3 shows the

predicted behavior for a 180 ° phase shifter, with an exceptionally narrow

insertion loss envelope and excellent return loss.

Figure 4 illustrates an example of a hybrid semiconductor/superconductor

device. It is possible that by combining the excellent low noise properties

of GaAs devices with the low loss and low noise properties of superconducting

transmission lines, one can achieve ultra-low-nolse receivers for satellite

communications applications. If these promising concepts of high T
c

superconducting devices are actually brought to fruition, then one can

conceive of their use in low loss, low noise superconducting phased array

antennas in space communications systems such as shown in figure 5. HTS

transmission lines can provide low loss feed networks for antenna arrays.

E-BEAM DEVICES

There are several areas for possible application of HTS material in

electron beam devices. These include the slow-wave circuit, the cathode, and

the focusing magnet. Superconducting slow-wave circuits are likely only in

very limited applications due to the heating caused by interception of the

electron beam by the slow-wave circuit. Another possible area of application

of HTS material is in the cathode. Electron field emission from the cathode

may be enhanced when the cathode surface is in the superconducting state.

Research in this area is in its very early stages and not likely to be applied

in the near future.

What is likely to be the first application of HTS material in e-beam

devices is for use as the focusing magnet. At the present time most traveling

wave tubes used in space employ periodic permanent magnet (PPM) focusing to

confine the electron beam because PPM focusing is lightweight and requires no

power. The disadvantage of it is that the attainable magnetic fields are less

than that required for optimum performance of the tube. This results in

reductions in frequency stability, gain flatness, attainable output power, and

overall efficiency. A larger solenoidal field can be used for confined flow

focusing to overcome these problems resulting in a much improved tube.

Because of the large number of potential applications of HTS magnets there are

many groups working toward their development.

CONCLUSIONS

Microwave components have been fabricated from HTS materials which have

superior performance over similar nonsuperconducting components. The develop-

ment of HTS device_ has large potential impact on the communication system for

future space missions. There remains a significant amount of progress to be

made in the development of materials and devices to the extent of applications
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of HTS technology to microwave systems. System studies must be performed to

determine any overall advantage of HTS system along with the necessary coolers

over conventional technology.
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TABLE I. - KEY PROPERTIES OF MICROWAVE SUBSTRATES MATERIALS

Material

Magnesium oxide

(MgO)

Lanthanum aluminate

(LaAIO 3 )

Lanthanum gallate

(LaGaO 3 )

Sapphire

(AI203 )

Yttria stabilized

zirconia (ZrO)

Silicon

(si)

Gallium arsenide

(GaAs)

Highest T
c

achieved

88

9O

88

71

89

Dielectric

constant

Loss

tangent

9.65

22

27

9.4

27

12

13

4xlO -4

5.8xi0 -4

2x10 -3

ixl0 -6

6x10 -4

10xl0 -4

6x10 -4

Lattice size,

k

4.178 (i00)

4.792 (ii0)

3.892 (ii0)

5.111 (011)

3.8795 (i00)

5.43 (i00)

5.653 (I00)
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FIGURE I. - SURFACE RESISTANCE OF LASER ABLATED Y-Ba-Cu-O

FILMS ON LaAIO3 SUBSTRATE VERSUS FREQUENCY. ADOPTED
FR(]flAPPLIED PHYSICAL LETTERS VOLUME 56. e.P. 1178-1180.

NASA DATA OBTAINED BY MICROWAVE CONDUCTIVITY rEASUREMENTS.
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Abstract

This paper presents analysis of microstrip line structures in which either the strip or
the ground plane or both are made of a high Tc superconductor. The effect of
implementation of a superconductor to the strip and the ground plane is explained with the
calculation of a conductor loss of the structure by the Phenomenological Loss Equivalence
Method(PEM). The theoretical values are compared with the experimental results from a
ring resonator which is made of a gold ground plane and a high Tc superconductor,
YBa2Cu307-x, strip.

Introduction

In this paper, we calculate and compare Q
values of the microstrip line structures in which either

the strip or the ground plane or both are a high Tc
superconductor. The motivation for this study is to

provide the theoretical basis for the effective application
of a superconductor to the microstrip line as well as
other planar transmission lines. The analytical method
in this paper is based on the Phenomenoiogical Loss
Equivalence Method (PEM) [1,2] and the introduction
of the superposition principle of the internal impedances
from the strip and the ground plane of the microstrip
Line. By using this method, we calculate the Q value of
the ring resonator which has a superconducting strip
and a normal conducting ground and compare the
results with the experimental data.

Analysis of Various Superconducting
Microstrip Line Structure

We analyze the various superconducting
microstrip line structures that have alternative

implementations of a superconductor and a normal
conductor into the strip or the ground plane as shown in
Fig.l. There are field penetrations even inside of the
superconductor. These field penetrations contribute to
the internal impedance and cause the conductor loss in
the microstrip line structure as shown in Fig.2. The
internal impedances from strip conductor and the
ground plane are seperately calculated by PEM. Then,
the total internal impedance is obtained by using the
superposition of internal impedances. The internal
impedance of each case is obtained by considering the
cases where either strip or the ground plane is perfect.

When the ground plane is assumed to be perfect, the
field penetration occurs only in the strip conductor, ha
this case, the geometric factor, say G1, of the
microstrip line is obtained from the magnetic field
penetration inside of the strip conductor. The
equivalent strip [1,2] is obtained from G1. The internal
impedance of microstrip line under the assumption of a
perfect ground plane can be obtained as Zil =

G 1-Zs 1.coth(Zs I -o 1.A.G 1) where Zs 1, cr1 and A axe

the surface impedance, the conductivity of the material

and the cross section (w.t) of the strip, respecively.
Next, we consider the case where the field penetration
occurs only in the ground plane. In this case, the

geometric factor, G2, is obtained from the field
penetration in the ground plane. The internal impedance

from the ground plane is obtained as Zi2 = G2"Zs2"COth

(Zs2-C_2.A-G2) where Zs2 and c2 are surface
impedance and conductivity of the ground, respectively.
Then, the total internal impedance is obtained by adding
Zil and Zi2. We calculat_ the propagation constant of
the microstip line structure by adding this internal
impedance to the external impedance and by using the
transmission Line model. Since our method is based on

the PEM, this can be applied to any field penetration
depth compared with the conductor thickness as
demonstrated in reference [1,2].

Comparison Between Microstip Lines with
Various Superconductor Implementation

The conductor losses of each micrbstrip line in
Fig. 1 are calculated by applying the method explained
above. Then, we calculate Q values of each strip line
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by additionalconsiderationof substrateloss[3].This

willgive us insightto the effectsof an applicationof
superconductoron microslripline,The dimensions of
the structure_ shown inFig.3(a).For thecalculation,
we use the measured conductivity values of the
YBa2Cu307-x film obtained from the power
transmittedthrough thefilmand a two fluidmodel [4].
The calculatedQ valuesof each structureat35 GH_ arc

shown and compared in Fig.3. In thiscalculation,the

value of 5.8 x I0-4 isused forlosstangent.Since the
current is more concentrated on the strip, the

implementation of a superconductor in the strip gives
more influence on the loss as expected. The extent of

an effect of the implementation of a superconductor in
the microstrip line can be different for diffcrcnt
geometric structures of the microstrip line.

Next, we compare our calculated results with
the experimental results from the ring resonator
structure shown in Fig.4. This ring resonator has the
resonant frequency of 35.0 GHz The details of the
fabrication of this structure and the measurements are

presented elsewhere [5]. The strip of this ring
resonator is a thin film of YBa2Cu30'7-x deposited on
LaAI203 by a laser ablated technique. The ground

plane consists of Ti / Au. A thin Ti layer is employed to
make the deposition of the gold on the substa'ate and its
effect on the structure is negligible because it is thin
compared with a gold layer. Fig.5 shows the
experimental Q values and the calculated Q values with
the variation of loss tangent of the substrate. The
calculated values of Q are higher than the experimental
results. There are several factors for this discrepancy

between the experimental and theoretical results. The
ring resonator was built with a YBa2Cu307-x film

different from the film on which the conductivity values
were measured. The YBa2Cu307-x film used in the

ring resonaltor has lower Tc and lower quality than the

one used in the conductivity measurement. Also, it is
more affected by the surface roughness because it is
patterned. Another factor can be the edge current effect
on the superconducting ring resonator. Also, since the
conductor loss from the gold and superconductor
decreases at the low temperature region, the substrate
loss becomes more dominent. However, the
information on the loss tangent of the substrate is not
available at low temperature region. As we can observe
in Fig.5, the Q values depend on the value of loss
tangent of the substrate used in the calculation. The
accurate characteristics of the substrate should be done

in order to make it meaningful to compare the theoretical
and experimental results.

Conclusion

In this paper, we presented a theoretical analysis
of the superconducting microstrip lines with the various
implementations of a superconductor and a normal
conductor into the strip or the ground plane of the
microstrip line. By using the method presented, we
calculated the Q values of a ring resonator with the thin
YBa2Cu307-x strip and the gold ground plane. This
theoretical results are compared and discussed with

experimental results of a ring resonator with the thin
YBa2Cu30"]-x strip and the gold ground plane. It was

found that the substrate loss becomes very critical at the
superconducting microstrip line.
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Abstract

Microstrip transmission lines in the form of ring
resonators have been fabricated from a number of in-situ

grown laser ablated films and post-annealed co-sputtered

YBa,Cu3OT. x (YBCO) films. The properties of these
resonators have been measured at 35 GHz and the

observed performance is examined in light of the critical

temperature (Tc) and film thickness and also the film

morphology which is different for the two deposition

techniques. We find that Tc is a major indicator of the

film performance for each growth type with film

thickness becoming important as it decreases towards

10007_ We find that the films _ith a mixed grain

orientation (both 'a' axis and 'c' axis oriented grains)

have poorer microwave properties as compared with the

primarily 'c' axis oriented material. We speculate that

this is due to the significant number of grain boundaries

be_'een the different crystallites, which may act as

superconducting weak links and contribute to the surface
resistance.

Introduction

Numerous papers to date have demonstrated the

appIicability of thin films of the oxide-based high

temperature superconductors to passive microwave

circuits. Cavity studies 1"2, conductivity measurements 3 and

patterned resonator 4 studies have all demonstrated that

high quality epitaxial films of these superconductors can

have surface resistances significantly lower than normal

metals typically used in microwave applications (i.e. gold

and copper). Despite these encouraging results, there is

still no definite understanding of which film properties

are most important in delermining the microwave
characteriaticsofa thin film of these materials. It had

been our observation, that films produced by process.es

_hat involved a high temperature anneal typically did not

perform as well in a microstrip ring resonator as ir:-situ

.Manuscrir_t received September 24, 1990.

grown films. In an attempt to address this issue, we have

undertaken a study comparing the performance of post-

annealed and in-situ grown YBa:Cu3Ov. x (YBCO) films

on lanthanum aluminate (LaA103) using a patterned

microstrip ring resonator with a 3_. resonance at 35 GHz.

The morpholo_ of the films produced by the two growth

methods is determined by X-ray diffraction (XRD) and

scanning electron microscopy (SEM). We examine the

unloaded Q vs temperature of each film type and note

the effect of Tc and thickness on the performance. We

compare the results from the resonators of the two

growth types and observe the effect that the morphology

has on the performance. Finally we propose an

explanation of the observed differences based on the

different film morphologies brought about by the

different growth techniques.

Film Growth and Resulting Morp. holo_

Two growth techniques were used to produce thin

films of YBCO on LaAIO 3 with different film

morphologies; these were in-situ laser ablation and co-

sputtering with a high temperature anneal. The laser

ablated films were formed by the ablation of a sintered

YBCO pellet by a 248 nm excimer laser s. The substrate
was mounted on a stainless steel block which was heated

to "175°C in a background pressure of 170 mtorr for

growth. The laser was pulsed at a rate of 4 pps and

rastered over the target by means of an external lens.

Following deposition, the sample block temperature was

lowered to 450°C, the oxygen pressure raised to 1

atmosphere and the sample allowed to anneal for 2

hours. Then the block was allowed to slowly cool in

oxygen to room temperature before removing the

superconducting film from the growth chamber.

The post-annealed samples were prepared by

simultaneous co-spuuering of Y, Cu, and BaF 2 targets

onto a rotating LaA10_ substrate at ambient

temperature 6. This rcsuhed in a non-superconducting

amorphous film which was then annealed at 850°C in an

H,O saturated oxygen atmosphere for .5 hours to

© 1991 IEEE. Reprinted, with permission, from IEEE Transactions on Magnetics, Vol. 27, Pt. 4, March 1991, pp. 2940-2943
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Figure 1. X-ray diffraction analysis of a laser ablated

film on LaAIO 3.
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Figure 3. SEM micrograph of the surface of a laser

ablated YBCO film on LaA1Oy Note the absence of
misodented grains. This film shows some surface

roughness and particulates; the best films are virtually
feature-less.
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Figure 2, X-ray diffraction analysis of a co-sputtered
post-annealed YBCO film on I_.aAIO3.

produce the oriented superconducting film.

The morpholo_ of the resulting films was examined
using X-ray diffraction (XRD) and scanning electron
microscopy (SEM). Typical XRD results from each type

of film are shown in figures 1 and 2. Both show strong

c-axis peaks and few spurious peaks indicating
predominantly 'c' axis oriented material ('c' axis normal
to the substrate). The co-sputtered films, however, tend

to show the presence of extraneous phases more

frequently than the laser ablated films.

Figure 4. SEM micrograph of a 3000_ thick co-sputtered

post-annealed YBCO film on La,,k.lO 3. The 'basket

weave' structure is composed of YBCO grains vAth either
the 'a' or 'b' axis normal to the substrate.

SENt investigation of the films (figures 3 and 4)

shows a marked difference in the morpholo_' of the two

growth methods. The laser ablated films, in the best

cases, are smooth and feature-less but sometimes (fig.3)

show some surface roughness and particulates. These

films show no evidence of large grains of misoriented

material or secondary, phases. TEM studies of other

laser ablated films 7 seem to confirm that this deposition

process produces mainly 'c' axis oriented material with

few misoriented grains, though these same studies

indicate that the 'c' material contains a high densitv of

crystal defects. The post-annealed films, however (rigA).
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in all cases show the development of a 'basket weave'

structure indicative of material oriented with either the

'a' or 'b' axis normal to the substrate (referred to in the

following as 'a' axis material or 'a' grains). That these

grains have the 'a' axis normal to the substrate has been

established by TEM studies S using electron micro-

diffraction and cross sectional microscopy. That study of

the microstructure of films produced in the same growth

chamber has shown that for the post-annealed films the

'a' oriented material extends from the substrate upwards

and that as the film =r'rows thicker the upper portion of

the material contains a higher fraction of 'a' material due

to differential growth rates along the a,b,and c axes.

Fabrication and Testing

The superconducting films were patterned into

microstrip ring resonators using standard photo-

lithograph?'. A positive photoresist was spun on, exposed

through a UV contact mask aligner and developed. The

resonator pattern was defined by etching in a dilute

(< 1%) solution of phosphoric acid which resulted in a

well defined pattern with little undercutting. Finally a

gold ground plane was evaporated on the reverse side of
the circuit.

The circuits were fabricated on lanthanum aluminate

10 mils thick to avoid substrate modes at 35 GHz. The

microstrip line width was 5.6 rail and the mean ring

diameter was 77 rail and supported a 3,t mode near 35

GHz. The calculated impedance of the line was 45

ohms. The circuits were tested using an HP 8510B

network analyzer in WR-28 waveguide. The Q's were

extracted from the reflection response of the one port

resonator.

Results and Discussion

The measured resonators showed a wide range of

performance depending on fz!.m thickness, growth method

and Tc. Fibre 5 summarizes the Q data obtained from

the laser ablated films and includes the performance of a

gold resonator as a comparison. For films produced by a

particular growth method, Tc appears to be a major

indicator of the resonator performance. The best laser

ablated film, #LA1, had the highest Tc. Two other films,
#L._ and #LA3 which were of thickness 2500_ and

4000, I. but approximately the same Tc, 84°K, have similar

performance further indicating that Tc is an important

controlling factor in the film's microwave performance.
Film #LA4 with a Tc of 87.2=K seems to deviate from

this scaling trend as its Q values fall below the 84°K

films. However, this film is only 1200,_ thick and the

lower Q values are most likely a reflection of the

thinness of this film. It is expected that at some point

film thickness will become a dominant factor in

determining the microstrip losses just as in normal

conducting s'_rips, due to increased current density.

Figure 6 summarizes results from the post annealed

films. Again, an examination of the data indicates the

importance (,f filmTcon perfr,rmance. The measured

results scale quite wellwi:hthe film'gc. However, the
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Figure 6. Unloaded Q vs temperature for several co-

sputtered post-annealed YBCO films on L.a._O_. The

scale is the same as figure 5 to facilitate comparison

between the two film types.

interpretation of the post annealed films and the relative

importance of Tc :'s film thickness for them is more

involved. As discussed earlier, the most striking feature

of the post annealed film morphology, is the presence of

a high densi_vof'a'_isoriented material. The presenc=

oF these 'a' _rains and the resulting "basket weave"

s_rt_cturc leads to a lar,,e= number (ffgrain boundaries.
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"Ihcse must act as either superconducting weak links or
imbedded normal conducting material, either of which

will cause additional Joss in the film. The higher the

number of grain boundaries, the more ]ossy the material

would tend to be. Comparing performance by this
criterion, it is significant that the film #PAl, with the
best performance is also the fihn with the lowest density
of 'a' axis oriented material.

The effect of the 'a' grains becomes more apparent
when the post annealed and laser ablated films are

compared. It is seen that as a group the post annealed
films have lower Q's than the laser ablated films. The

best _ost-annealed ring resonator, fabricated from a
2100A film had a Q which was about half of that of the

best laser ablated resonator, fabricated from a 5500,&

film. Although some of the reduced performance in the

post annealed resonator was probably due to the

relatively thin film, the presence of 'a' axis grains also

have an effect on the surface resistance. Because of the

complexities of comparing films of different thickness and

Tc's we have extracted values for the surface resistance

of the films. This was accomplished by separately

accounting for the dielectric loss (assuming tan 6 = 1E-4)

and the normal ground plane loss and matching the

experimental Q values with values for the strip surface

resistance. The strip and 9ground plane losses were
calculated using the PEN[ method which takes into

account the conductor thickness. The results are

tabulated in Table 1 and Table 2 with three temperature

values for each film. The laser ablated films consistently
show a surface resistance of appro:dmately one half the

value exhibited by the post annealed films.

Conclusions

We have measured several 35 OHz microstrip ring

resonators fabricated from laser ablated and co-sputtered

post annealed YBCO films. It was found that for a

particular film type (_owth method) Tc is a strong

indicator of the resonator performance. Thickness effects

on the performance of the resonators become apparent
as the film decreases towardst000A; for thicknesses

greater than this the performance is more dependent on

the intrinsic properties of the material as indicated in Tc.

Comparison of resonators fabricated from films of the

two growth methods shows that the superconducting films

with primarily 'c' axis orientation have better

performance than the films with mLxed grain orientation.

We believe that weak links associated with the grain

boundaries formed by the intersection among the 'a'

grains and between the 'a' and 'c' material add an
additional loss mechanism which limits the performance

of circuits fabricated from this material.
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Table I. DataforLaser#JolatQdFilm,,.

Ra (mllllohma)

Film Tc Thlckne_ 20 K 40 K 70 K

#LA1 88.7 K 5500g 5.3 5.5 8.3

#L_A2 84.4 K 2500# 8.4 9.2 15.9

#LA3 84.2 K 4000A 7.0 8.5 9.0

#LA4 87.2 K 1200A 4.0 5,9 7.7

Table2. Data forPost-annealedRims.

Rs _nllllohms)

Rim Tc TNckness 20 K 40 K 70 K

#PAl 88.8K 2100A 10.5 14.2 19

#PA2 87.7K 4000A 8.0 10.9 24

#P/L3 84.5 K 3000A 10.3 13.7 -
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MICROWAVE RESPONSE OF HIGH TRANSITION TEMPERATURE

SUPERCONDUCTING THIN FILMS

Abstract

by

FELIX ANTONIO MIRANDA

We have studied the microwave response of YBa2Cu307. 5, Bi-Sr-Ca-Cu-O, and

T1-Ba-Ca-Cu-O high transition temperature superconducting (HTS) thin films by

performing power transmission measurements. These measurements were carried

out in the temperature range of 300 to 20 K and at frequencies within the range

of 30 to 40 GHz. Through these measurements we have determined the magnetic

penetration depth (A), the complex conductivity (a*=avja2), and the surface

resistance (Rs). An estimate of the intrinsic penetration depth (A_121 nm) for

the YBa_Cu307. 6 HTS has been obtained from the film thickness dependence of

A. This value compares favorably with the best values reported so far (,-_140 nm)

in single crystals and high quality c-axis oriented thin films. Furthermore, it was

observed that our technique is sensitive to the intrinsic anisotropy of A in this

superconductor. Values of A are also reported for Bi-based and Tl-based thin

films.

We observed that for the three types of superconductors, both a 1 and a s

increased when cooling the films below their transition temperature. This indicates

that the temperature dependence of o 1 is not consistent with that expected from

121
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the two-fluid model, and also deviates from the values obtained using the Mattis-

Bardeen equations based on the BCS theory.

Values of R s comparable to or lower than that for copper at the same

frequency and at 77 K were obtained for the YBa2Cu307. a thin films. However,

the R s for the Bi-based and Tl-based films was larger than that of copper for all

the measured temperatures. Our R s measurements were consistent with those

performed at 36 GHz on the same films using resonant cavity techniques. We

have fabricated a resonant cavity to measure R s. The measured R s are in good

agreement with other reported R s values obtained using resonant cavity techniques

if we assume a quadratic frequency dependence for R s.

Our analysis shows that, of the three types of HTS films studied, the

YBa2CuaOT. _ thin films, deposited by laser ablation and off-axis magnetron

sputtering are the most promising for microwave applications.
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.--%bstrac:

A novel _avegu:,de power transmission measurement

technique has bee.--, developed io extract the complex

conductivity. (c" = c. - .b e) of superconducting thin films

at microwave frecuencies. We obtained the microwave

conducnvi W of two laser-ablated YBa:CuyO:. 6 thin films

on LaA103 with transition temperatures (T¢) of

approximately $6.3 and 82 K, respectively, in the

temperature range 25 to 300 K. From the conductivity

values we calculated the penetration depth (Z) to be

approximately 0.5: and 0.,;3 am, and the surface

resis_ance(R_) to be approximately' 24 and 36 rnn at 36

GHz and 76 K for the two films under consideration.

We further compared the R_ values with those obtained

from the change in the Q-factor of a 36 GHz TEon-mode

(OFHC) copper ca,it,.' by' replacing one of its end walls

with the superconducung sample. We found that this

technique allows noninvasive characterization of high-T_

superconducting thin films at microwave frequencies.

]mroduczMn

Microwave me_.;_m..,L of the hieh-transition-

temperature superconductors provide a convenient

probe to be used in attempting to identify the conduction

mechanisms and the nature Of the superconducting state

of these compounds) Whereas dc resistance

measurements provide information about the normal

state above the transition temperature (T_) and other

techniques, such as magnetization measurements, give

information on the superconducting state below T_,

microwave measurements can give useful information on

both the superconducting and normal states.-" Another

main objective of the microwave studies of these high-T_

superconductors is to evaluate the potential of these
materials for microwave device appIications. 3 In an

attempt to uncover the intrinsic properties and the

ultimate performance of these oxides at microwave

frequencies, surface resistance measurements of vet','

high-quality thin films have been carried ouz bv different
researchersJ 5 Ano'her parameler of fundamenta]

importance in the characterization of these new materials

is the microwave c(mductivity. Nevertheless, reportson

measurements of this parameters are scarce, probably

because more painstaking techniques are necessary to

measure it directly. In this paper we report on the

characterization of laser-ablated YBaaCuyOr. 6 thin fi!ms

by a power trans--:'tission measurement technique. We

obtained values/or the microwave conductiviw

(c;" = c_1 - ja,) i.': the normal and superconducting states

and calculated the magnetic penetration depth ().) and

the surface resistance (R_) from the conductiviD' values.

Finally,, we compared the R_ values _-ith those obtained

from the change in the Q-factor of a 36 GHz TE0n-mode

(OFHC) copper cavity., by replacing one of its end aalls

with the superconducting sample, to estimate the

agreement bepaeen the two techniques in determining

e s.

Experimental Procedures

We used a pulsed-laser ablation technique :o deposit

the YBa:Cu_O,. e thin films onto 50S-urn-thick La.adO 3

substrates. The deposition was performed at a substrate

temperature of 755 °C and at an ambient oxygen pressure

of 170 retort. T.:e laser wavelength was 248 n_rn, the

pulse length w_ 20 to 30 ns, and the pulse rate was 2

pulses per second. During deposition the distance

bep, veen the target and the sample was kept at 7.5 cm,

and the laser fluence on the target was maintained at 2.0

J/cm 2 per pulse. For the deposition of the films we used

YBa2Cu30.. _ stoichiometric targets with a density.' greater

than 95% of theoretical. During this process the laser

beam was scanned 1 cm across the target by using an
external lep_ on a translator. At the end of the

deposition process the oxwgen pressure was raised to 1

arm, and the temnerature was slowly lo_vered to room

temperature. Amore detailed description of the

deposition techn!eue can be found elsewhere. 6

We analyzed the films by x-ray diffraction, dc

resistance vers-s temperature measurements, and

scanning electron microscopy(SEM). The T_was 86.3 K

for one of the filr..=s ( hereinafter ca!]ed sample 1) and at

82.0 K for the oz;qer (hereinafter ca]led sa_tp'=e 2). The

dc resistance _ersus tempcrature for sample 1 is shown in

Fig. 1. The >:-ravdiffraction pattern rcvea'.'_d that both

films ;,re shq,]cd p.hased with a predomim:nt',y c-axis

oricnt::,iorl. l'}_e SEM's shmved the presence of

© 1991 IEEE. Reprinted, with permission, from IEEE Transactions on Magnetics, Vol. 27, Pt. 2, March 1991, pp. 1284-1287
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FIGURE I. - ac RESISTANCE AND MICROWAVE TRAN,S_IITTED

POWER AT 35 GHz VERSUS T,E/'IPERATUREFOR A

YBa2Cu307_b THIN FILM (2655 A> ON A LaAIO3 SUBSTRAIE.

We performed the power transmission and phase

measurements on a Hewlett-Packard 8510 automatic

network anatvzer connected to a helium gas closed-cycle

refrigerator by Ka-band (26.5 to 40.0 GHz) waveguides.

il the measurements were made under vacuum (< 10"

,orr) in a custom-designed vacuum chamber. Inside the

vacuum chamber the sample was damped be_'een two

waveguide flanges mounted on top of the cold head of

the refrigerator. The waveg-uides were made of thin-wall

stainless steel to ,minimize heat conduction, and their

inner surfaces were gold plated to reduce microwave

ener_ losses. The flanges were made of brass; their

inner surfaces were aiso gold plated. Inside the

,vaveguides there were vacuum seaIed mica windows.

he temperature of the sample was monitored with

.;licon diode sensors mounted on the wave=maide flanges
that supported the sample.

The measured temoerarure dependence of the power

transmission coefficient (7") (ratio of transmitted power

to incident power) corresponding to sample I is given in

Fig. 1. In the normal state the behavior of the

transmitted power with decreasing temperature was

_imilar to that of the dc resistance. At temperatures just

mlow the onset temperature the transmitted power

dropped abruptly, falling monotonicallv with decreasing

temperature, until a lower limit was reached. This

behavior was .typical for both films.

Surface Resistance and Magnetic Penetration Depth

We calculated the surface resistance R, and the

magnetic penetration depth k from :he microwave

complex conductMp,'. The real and imaginary.' parts of

he complex conductivity are given in terms of the power

transmission coefficient T and the phase shift _ bv

R = {(2n/T 1/:)[ncos(kont)sin(kot - ¢) - sin(kon:)

cos(k_t ,- 0)] " n(n: - 1,qimkont)cosikont)} /

k,d[mcosZ(k nt)+ sin: .r,:l] (1)

Llfl(J

1 - {(2n/T ' )[ncos(kant)c_s{,_._ * O) + sin(k n:)

sin(kJ + O)] - 2n 2 cos-'(kont) - (n: +])sin 2(n,,,. t),/'

k_d[n'cos-(kon ) + sin-(_. 1), (2)

,*,here ko is the ,*'ave number o( :he normal incdent

transverse electric wave propa._afinb in the rec:angular

waveguide, d is the film thickness, t is the thickness of

the substrate with refraction index n, R= l+4r, a2/oe ,

l=4rrol/_a¢ , m/2.rr =f is the frequency, of the wave, and e

is the relative dielectric constant of the material.

Figure. 2 shows the temperature deoendence of e_

and o z for sample 1 at 35 GHz. The conductivity at

room temperature (-3.9x105 S/m) compared reasonably

well with reported values of dc conductivities in this type

of film 7. The change ofa t with decreasing temperature

exhibited a metallic behavior dox_'n to the onset

temperature, at which a _- 1.3x106 S/re. In the normal

state c, was close to zero, as expected for a good

conductor. Note that both a _ and e, increased upon

going through the onset temperature, with a_ reaching

values of 4.0x106 and 4.8x10 _ S/m at 76 and 50 K,

respectively, and a z reaching values of approximately

1.3x107 and 1.8x107 S/m at these same temperatures.
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FIGURE 2. - REAL AND I_AGIR_Y P£RTS OF THE MICROWAVI_

CONDUCTIVITYVERSUS TEI'%PERAT_REAT 35 GHz FOR A

YBa2Cu307__ THIN FILM t2655 A) ON A LaAIO3 SUBSTRATE.

We calculated the values of the magnetic penetration

.depth ). from the values of% and London's expression

,k =(Uo_aO_) u2. For sample 1, 2, of 0.57 and 0.40 lam were

obtained at 76 and 25 K, respectively. Figure 3 shows a

plot of X versus temperature for this sample. For

sample 2, ). of 0.43 and 0.26 were obtained at 76 and

25 K, respectively.

The values of _. obtained in this study were higher

than the best reported values for strongly c-axis-oriented

YBa:C%Ov._ thin films on SrTiO3 (;.¢_0.14 .am). s These

larger ,k values can be explained in terms of the existence

of residual inhomogeneifies. It has been shown _ that

these inhomogeneities can produce grain boundary

Josephson junctions, which will increase the effective

penetration depth. Furthermore, ahhough the x-ray

diffraction pattern for the films revealed
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FIGURE 3. - _GNETIC PENETRATION DEPTH VERSUS,TEM-

PERATURE FOR A YBa2CU307_b THIN FILM (2655 A) ON

A LaAIO 3 SUBSTRATE.

predominantly c-axis orientation, SEM micrographs

revealed randomly distributed grains protruding through
the surface that may be a-axis-oriented grains. The

presence of a-axis oriented grains in a film increases the

value of J., since the penetration depth for shiUding

currents along the c-_xis is greater than that for shielding

currents in the a-b plane) °

The surface resistance R, for films in the

superconducting state can be obtained by using the

expression n J2

"_ "_ 1/2. 1/2.

[(O 110 N)--(02/O N)'] - - O2/O N/

R - R_, (%/%.)2. (a,/o.,,)_ j (3)

2.Ihe normal';k dcpth _;,=2I_.,/_opo for samplc ',

calculaled from _he I_._value at g7 K as measured iw :.he

cavily techt:iq',lc is approximately 5.4 Bin. The tureen: :

101 ...........................................................
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FIGURE 4. - SURFACE RESISTANCE VERSUS TEMPERATURE AT

36 GHZ FOR A YBa2Cu307_ 6 THIN FILM (2655 _) ON

LaAIO 3 AS MEASURED BY A CAVITY WALL REPLACEMENT

METHOD AND BY A MICROWAVE POWER TRANSMISSIOR METHOD.

THE R s FOR COPPER IS ALSO PLOTTED FOR COMPARISON.

of this value relative to the film thickness of

approximately 2655 ,_ suggesu that a great deal of ener_'

could be leaking through the substrate, an effect that

would result in an overestimation of R,. Because of the

in.homogeneous nature of these films, it is very. probable

that some leakage can persist at temperatures lower than

T:, but not at temperatures far below T,, since at these

temperatures most of the film is superconducting. The

increasing agreement between the R, values obtained by

the two techniques at lower temperatures seems to be

consistent with this armament.

where Rx=(opJ2ox) _P- and o x are the surface resistance

and the conductivity, respectively, at the onset

temperature as determined from microwave power
transmission measurements. The R, values at 36 GHz

were obtained assuming -: f-' dependence for R,. The

change in R, for sample 1 xdth decreasing temperature is

shown in Fig. 4. At 76 K, R, of 24 and 36 rn.q were

obtained for samples 1 and 2, respectively. At 25 K, an

R, of 12 rm was obtained for bo;h samples. The surface
resistance for the samples was also measured by looking

at the change in Q of a TE..m-mode (OFHC) copper

cavity, resonant at 36 GHz when one of its end walls was

replaced with the superconducting sample. Values for R_
at 76 K of 25 and 303 mq were measured for samples 1

and 2, respectively. The R, values for sample 1 as

measured by the cavity technique are plotted in fig. 4.

We have also plotted the R, of copper for comparison.

Note that both techniques give an R_ that decreases

rapidly when the sample is cooled through the transition

temperature and then lcveis off at lower temperatures,
showing a residual surface resistance ,,hat changes very.

slmdy with decreasing temperature. O;%crve that

although there is a c¢}nside.'able discrepancy between tee

I_,_values oh_ained by the ,*o techniques at tempcrature_
n(_t far below T,, they comp.',re ")utter at lower

temperatures. l-he same feature .,.as ,,h_e_'cd for samp',e

The results obtained by the microwave power
transmission technique were strongly influenced by the

intrinsic behavior of the superconducting intragranular

material as well as by nonintrinsic losses due to normal

inclusions and. grain boundary effects in the interior of

the film. Therefore, the R, values obtained with this

technique may be affected more by the nonintriasic

properties of the films than those measured by the cavity.

technique, which is only sensitive to the surface

properties of the film. However, in view of the good

correspondence obtained in this study for the R, values at

low temperatures, we believe that the microwave power

transmission measurement technique provides an

alternative way for determining R, particularly at

temperatures far below T¢.

Conclusions

We have used a microwave power transmission

measurement technique to determine the surface

resistance R, and the magnetic penetration depth i of

YBa.,Cu307. _ superconducting thin films. The calculated

). values were higher than the best reported values

perhaps because of the effect of the film's

inhomogeneities. Comparing the R, values obtained by

this tcchnique with those measured by using a cavity walt-

replacement technique suggests the suitability of the
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ErBa_, Cu, O, , films have been produced by simultaneous deposition of Er, Ba, and Cu from

three ionized cluster beam (ICB) sources at acceleration voltages of 0.3-0.5 kV. Combining

oZOlle oxidation with ICB deposition at 650 °C eliminated any need of post anneal processing. The

substates were rotated at l0 rotations per minute during th,: deposition ',vt-,ich too!: place at a rate

of about 3 to 4 nm. ErBa 2Cu_ O: , films with areas up to 70 mm in diameter have been made by

ICl3 depositi<m These film,. 100-nm thick, were deposited on SrTiO3 (100) substrates at 650 °C

i_+a mixture ol't _,_tl. % O, ill O, at a total pressure of 4x 10 "_Torr. They had l', ranging fiom

,',4.3 to 86.B K over a 70 mm diameter and J, abo',e l0 _ A/cm: at 77 K. Another set of lhrcc

,,amples. dupo_,ited within a 50 mm diameter, was examined by magnetization measurements.

lhcse sample,, had J rangin_ from 8.2>( 10" to 1.1 "_(10 "_A/cm: at 4.2 K and from 2.4 1()" to

51. 10" .+\:cn+: at 70 K X-ray diffraction measurements of the three samples shov,ed

preferential c--a_:is orientatiot+ normal to the substrate surface. Rocking curves showed small

_ariation in _,ram misorientation with sample position relative to the center of the substrate

tu4der. Scantling electron rnicrographs (SEM) of the three samples also show some texture

dependence on sample position. For the three samples, there is a correlation bet'_,,een SEM

texture, full x_,idth at half-maximum of rocking curves and J, versus temperature curves.

I. INTRODUCTION

Since the did, co, cry of cuprate high temperature supercon-

duct_r- (tITS) b_ Bcdt_orz aud Nlullet -_ in 1986. a large

ilunll_cr of illX e,,tig:.ttiol_,, have been dexoted to the develop-

rnet_+ of HTS thin film deposition.: Of particular importance

are the issues of surface roughness and the difficulties of

fabric4ting large area. mtrror smooth films with uniform

physical pr_+perties+ In general+ smooth surfaces can be pro-

duccd tent,, if meditml temperature deposition processes are

u_,cd lhc _,ubstratu temperature during deposition signifi-

cantly influences the critical temperature 7,. _ The substrate

temperature also strongly influences the orientation of the

film or; ,,tal structure rdative to the crysla[ plane of the sub-

strate.; Substrate temperature, deposition rate, and film
) 4compo_,iti_)n all influence surface sm(othness. For large

area tITS films all of these factors must be well controlled to

achieve high quality films for a variety of electronic applica-

tions.

Obviousl3. it i+ inaportant to use a deposition technique

which is able to produce single crystal HTS films on a wide

range of substrate materials, especiall3 those which do not

have an ideal lattice match with 123 type ceramics. It has

been known for some time that ionized cluster beam (ICB)

deposition alloxvs epitaxial film growth to be achieved even

in cases of large lattice mismatch.' Therefore, the recent

application of ICB deposition to the fabrication of 123 type

films is a logical devcl()pment in FITS thin film research." At

this time. it is of interest to survey some physical properties

of ICB deposited 123 fihns since these films have good pros-

pects for thin film electronic device applications. 7 The data

J. Vac. Sci. Technol. A 9 (3), May/Jun 1991

presented here concern films produced in an experimental

ICB apparatus. This ICB equipment was fabricated by Mite

subishi Electric Corporation in Amagasaki. Japan. and is

presently being used at the University of Colorado at Colora-

do Springs.

II. EXPERIMENTAL

Three ICB sources _ were used to deposit 123 thin films on

a variety of substrate materials. The base pressure of the

vacuum system was 5X I0 + Torr. Load-lock mechanisms

were used to introduce samples into the chamber, and to

reload refractory metal source crucibles. The sample holder

platten was I00 mm in diameter and was heated to 650 °C by

thermal radiation from Ta wire heaters located above it.

During film deposition, the sample holder was rotated at 10

rpm to obtain uniform film properties. Ionization of the clus-

ter beams was produced by electron impact, and the accel-

eration voltage for deposition was between 0.3 and 0.5 kV+

Quartz crystal deposition monitors were used to determine

the deposition rate from each source before and during depo-

sition. The film deposition rate ,,,,'as 3 to 4 nm/min. A shutter

was opened and closed to start and stop deposition. The sub-

strate temperature was monitored by optical pyrometry dur-

ing film deposition. The oxidation gas was composed of 6

at. % ozone in oxygen. This gas was introduc_.d into the

chamber through a narrow tube located in proximit_ to the

substrate holder. The oxidizing gas pressure _as raised to

4 _: 10 "_Torr after the substrate temperature _as stabilized

0734-2101/91/030405-04501.00 c 1991 American Vacuum Society
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and held constant during deposition and during thc >,an]pie
cool down.

III. RESULTS

YBCO and ErBCO thin films ha_e been deposited by ICB

onto a variety of substratm. These Iilms have very similar

properties. However. Er has a vapor pressure that is signifi-

cantly higher than tim vapor pressure of Y at any tempera-

ture. _ Thus, the source temperature flw the deposition of Er

is significantly lower than for Y at the .,,ame deposition rate.

This is an advantage for ErBCO deposition. Therefore, in

this paper we will limit our discussion to ErBCO films de-

posited by ICB.

Figure 1 shows the resistance-temperature relation,,hip

for an ErBaCuO film on SrTiO:(ll)_i) Fhis cur_e shox_s

essentially a linear decline of resistance until the steep drop

to zero resistance at 87 K. A typical ,! _crsus temperature

curve of an ICB deposited ErBaCuO film on SrTiO: is

shown in Fig. 2. At 77 K. J, is greater than 1 ,× 10" A/cm-',

and J increases to mer 3 X 10" A/ctw' at b5 K.

Some work has been done to delermme lhe properties of

large area ErBCO films. Three ErBC() films deposited si-

multaneously on SrTiO_(100). The positions of the sub-

strates on the sample holder are show n m Fig. 3. The center

of sample A was 25 mm from the ccnter of the sample holder.

the center of sample B '+as 18 mm from file center, and san>

ple C was centered in the holder. ]he fihns wine deposited at

a nominal substrate Icmperat ure of 650 _C and were l O0-nm

thick. These films x_ere examined by scanning electron mi-

crographs (SEM). The micrographs of fitms A. B, and C are

shown in Fig. 4. As seen in these micrographs, the fihn struc-

ture becomes more textured as the dp, tance to the cenler of

the sample holder becomes smaller.

The T for films A. B. and C were 8¢+.3.84.9, and 84.8 K.

respectively, as measured by the four point probe method

The widths AT of the conductor to ,,uperconduclor transi-

lion were 2.1, 2.6, and 28 K. respecti'.elx. Zero field magne-
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tization (ZFC) and magnetizati++t: hbsteresis mc tsurcn+ents

of these samples x_ere made m a Quantum Desigii magnetic

property measurement system _MPMS ). All magnetization

measurements were performed with the SrTiO, substrate

face perpendicular to the applied magnetic field. The ZFC

curve for sample A is shown in Fig. 5. The onset of diamag-

netism occurs at approximately 85 K. in agreement v, ith the

direct current measurement of zero resistance at 86.3 K. The

hysteresis curve for sample A at 4.2 K is shown in Fig. ¢_.The

current density d at the temperat tire at which the hysteresis

curve is measured can be calculated from the model of

Bean. `+ This calculation is an approximation since x,,e are

working with thin films and the Bean theor 3 ix based on

cylindrical samples. However. this approach allows one to

make comparisons between samples, and furthermore, the

J, calculated from hysteresis curves can be compared to di-

rect current measurements of J, at higher temperatures. The

values of J, versus T derived from hysteresis curves for sam-

ples A. B, and C at various temperatures are shown in Fig. 7.

These values of J_ are very close except at 70 K. where J,. for

sample C is significantly lower than the J for samples A and

B. At 70 K. the calculated J fi_r these samples is somewhat

lower than J,. found by direct current measurements by

roughly a factor of 2. However, given the approximations

made to calculate J, and the uncertainties in the sample di-

mensions (thickness and area), the agreement between the

results found for J, by two distinct methods is fairly good.

The ×-ray spectrum of sample A is shown in Fig. 8. The x-

ray diffraction spectra of samples A, B, and C are virtually

identical. Since diffraction peaks only from (00/) planes are

visible in the spectra, it appears that the films have nearly

18mm

|8 mm

ll_, _ I)mlc'nstons of sample hohJel used for _lmples A, It, and C7
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Furfect ¢-a:'ds orientation normal to the substrate surface.

IMv, ever, the diffraction peaks characteristic of a-axis and

:+-axis grov, th may be obscured b_. the SrTiO, peaks: There-

:_>rc one must look for reflectious, such as the (102) and

_)I2) reflections, v. hich do not overlap x',,Jgh the Sifi(),

:>'aks. ]]m- type of rne,_stffcmenl _equires a l\,ur-ci_cle ,i+_

t)aclonletc+, x_+ilich _AQ ha',,e not used+

\ E.i\ locknlg cur\es gixe am+ther indication of Ct',',t:l]

:__'; lc,Jl I_+I/ Rocking Ctll'_ e5 _,_,ere ii/cide oft he f OIL< ) ,,->t:,+kx fop

. rTip]<."- .\. t'i..llld (.'. The_e r o,.'kln o v i.lr,, e_, 7:1\ c ttl]i st. itlt ll ;_I

7 tlt'-I]l_l\lmtnl! I FWHM ) x alues <ff() 40 <, (i ()(), aitd () tQ' !0:

.mple, -\. B. andO. respecti_e]_ lti',ev]dent ihatthetill_

_ ,:unplc A ha, a higher degree of crystal perfuctiou than the

,! hcl I\_ c"_ _;tlllplt>,. Tile X-l+ay ' rocking curve re,,uhs correlaI 2

',__1] with the higher 71 , the ,,mailer ,.x,] . and the nonmlallt

l!igileI J ofs:.lnlple A.

t-or sample,, A. B, and C the SEM lllicrograph.,,, the x-ra',

:<+eking cur_es, and measured ] I and J< sho',_ _,ariatiolls of

film properties as a function of distance from the center o1"

:i:u ,,ample holder. These _ariation_ in film propertie, _ cte

_.am, ed. in part. b', a temperature gradient in the salnple

h,dder. Using thermocouples spot _elded to the sample

holder, x_ e found a temperature 35 _C lov, er at Ihe edge of the

,ample holder ,,,.'hen the temperature was 650 °C at the cen-

ter. Therefore, when large area HTS films are deposited, it i,,

_mporlant to take steps to make the substrate temperature a',

uniform as possible.

Further information on this subject was de'.eloped b_ si-

multaneously depositing ErBa_,Cu, Or , on eight 1 > 1 cm

SrTiO,, substrates uniformly dislributed on a circular sub-

st rate holder. Figure 9 shows the center posit ions of the eight

SrTiO+(100) substrates on a sample holder. The outer di-

ameter of the substrate group was 70 mm. The measured 71

of the ErBCO films is given in Table I.

There is a 2.5 K variation in 7"< for the eight samples. This

satiation appears to be random. This randomness may be

caused by a combination of small temperature and depo-

sition rate nonuniformities. More work is required to corre-

late film structure, T<. andJ with ICB film deposition condi-

tions, especially' for large area HTS films.

Although SrTiOj is an excellent substrate material for the

epitaxial growth of 123 type HTS films, it has a large dielec-

tric constant. This makes SrTiO+ a poor candidate among

",ubstrates considered for high frequency applications (+f

[tTS films. In spite of its less than ideal lattice match v, ith

123 films. MgO has been shown to be a good candidate as a

substrate for high frequency applications, u, Another mated-

al of interest is LaAIO, which has a good lattice match with

123 films and good pov,'er transmission properties at milli-

meter xva_ eiengths, m i i ICB deposition of ErBCO films on

these materials has produced 7] of 86 and 83-84 K andJ of

3",,10 _ and I >10 _ A/cm -_ at 77 K on MgO(100) and

LaAIO_ (100), respectively. 'e These results were obtained

for films of thickness ranging from 0.1 to 0.14/xm and depos-

ited on 650 °C substrates. Because the number of depositions

on MgO and LaAIO 3 substrates has been limited• these re-

,_ults should be considered as preliminary'. Streaked reflec-

tMn high-energy election diffiaciion (RHEEI))patterns

from as-grown ErBCO films show that the surfaces of

[rBCO films on MgO{ ICR)) sUbslratcs can hc mca.le ex-

tremel_ smo(_th b', ICB dcpositi+m t"

IV. CONCLUSIONS

fhe ICB deposition of ElBa. Cu:O= film,, c,.a ,ari,,u',

sub_,trates has been demonstrated to produce high quality

films _,_.ilhoul need of post-annealing proccsse,, I.arue area

(70 mm diameter) film> have been groxvn 111 a mixture of

_+zone and ox$gen (m SrIiO+t 100) at nominal ,ub'qrate

temperatures of 650 °C. 7- for these films ere generMi? in the

range of 84-87 K, while J. is cornmonly near 1 '> 10' A/m:

at 77 K Preliminary x-ra_ diffraclion data shm_ that the

tihns gto\_ n on SrTiO+ are epitaxial with the c-axi, perpen-

dicular to the plane of the substrate surfiice ttowex el. more

detailed x-ray diffraction measurements are needed to deter-

mine the proportion of o-axis and b-axis perpendicular

growth Measurements of film properties in the U.S.A. haxe

confirmed sinlilar measurements made at Mitsub>hi Elec-

tric Corporation in Japan. Therefore, it has been established

tha: large area, smooth, stable HTS films having high J and

very good 7", can be routinely produced by ICB
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Abstract

The relaxation of diamagnetic magnetization in the

c-axis aligned YBa2CusO7. , thin film is studied as a function

of orientation and temperature in the range 5-50 K at H =

0.2 T. The magnetization M(T,H) in both the odemations

H I c and H/c and at all the temperatures is found to

decrease logarithmically with time t. An activation energy for

the movement of flux lines U can be obtained using the

relation U = -kT {1/M o. dM/dlm} 1 and is found to be

30-110 meV in the range 5-50 K. For H I c, U increases

continuously with T, where as for Hi_c, U has two apparent

maxima: at T = 10 K and T > 50 K. These results are

discussed in terms of the thermally activated flux motion

model.

Introduction

Among the different magnetic properties of the high

temperature superconductors, the magnetic flux relaxation or

creep has been extensively studied to determine the flux

pinning energy, the nature of flux line configuration and

motion. In the case of YBaeCu3OT, when H I c, the reported

values for the pinning energy in single crystals ranges from

20 meV to 17 eV and for thin films they vary from 25 meV

to 4 eV. 1 The large variation is partly due to the different

types of measurement techniques used. The flux relaxation

and thus the pinning energy are generally discussed in terms

of thermal activation combined with me various critical state

models? The flux relaxation rate for H/c was found to be

higher as compared to that for H I c by Rice et al) in

disagreement with the results of Yeshurun et al.* This

anisotropy in relaxation has not been extensively investigated.

In this paper we report the diamagnetic relaxation in

YBa2Cu3OT. , thin film as a function of field orientation and

temperature in the range 5-50 K. The results are discussed

in terms of the thermally activated flux motion model as

modified by Beasley et at.5 A/though a qualitative

explanation for the temperature variation of the activation

energy U can be obtained using this model, it is found to be

insufficient to explain the results completely.

Experimental Procedures

The YBa_Cu30_. _ thin film (0.5 t_m thick) was prepared

by co-evaporation of Y, Cu and BaF 2 onto (100) SrTiO 3

substrate in an oxygen partial pressure followed by annealing

in wet O 2 at 850 C. The film texture, analysed by

TEMi'ERATURE DEPENDENCE OF THE ANISOTROPY IN MAGNETIC REI_AXATION

IN Vt{axCu3OT. , THIN FILMS

Satish Vitta, M. A. Stan and S. A. Alterovitz

NASA Lewis Research Center

Cleveland, Oil 44135

the standard x-ray diffraction and rocking curve techniques

indicates that it is highly oriented with the c-axis

perpendicular to the film plane. The grain morphology

observed using scanning electron microscope shows that the

grains are elongated rod like and the typical grain size is

= 0.5 /_m x 10 #m. The superconducting transition

temperature was determined by the dc four probe resistance

method and is found to be 90 K with a transition width

<2K.

The magnetic relaxation results reported here were

obtained using the Quantum Design SQUID magnetometer.

A clear plastic straw which has a negliga'ble moment

compared to the sample was used as the sample holder. In

order to keep the spatial inhomogeneity in the applied field

to < 0.5 % during the measurements, a short scan length of

3.6 cm is used. During each measurement, the sample was

warmed up to 100 K, well above the transition temperature,

and held for 5 rain before cooling to the required

temperature. The magnetic field was then set to the desired

value, 3 rain after the temperature reached a stable value

(+- 0.5 % of the set value). The magnetic relaxation data was

recorded for 4000 s after the field was stabilized and a 3 rain

wait period.

Results and Discussion

The diamagnetic relaxation is studied as a fanction of

temperature T and field H orientation with respect to the

c-axis of the YBaeCu3OT._. A fixed field of 0.2 T was used in

all the cases. The magnetization was found to relax

logarithmically with time t (for t > 100s) both for H I c and

H.J_c in the temperature range 5-50 K, indicating that the

sample was in the critical state. The rate of relaxation or flux

creep dM/dlnt suitably modified by the dema_etization

factor is shown in rigA(a). For both the orientations dM/dlnt

has a maximum, but at different temperatures. The creep

rate normalised with the initial magnetization Mo

(M at t = 100 s), however does not exhibit a clear m_Mmum

for either of the directions and is shown in fig.l(b). This

shows that the variation of M0 w_th T is significant and that

it can not be ignored.

The high rates of flux creep observed in the high

temperature superconductors are generally attnbuted to the

extremely short coherence lengths, thus low energy barriers,

and discussed in terms of the thermally activated flux motion

© 1991 IEEE. Reprinted, with permission, from IEEE Transactions on Magnetics, Vol. 27, No. 2, March 1991, pp. 1083-1085
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T_.e diamagnetic flux creep rate dM/dlnt in

t_e temperature range 5-50 K atH = 0.2 T.

For H I c (4) the demagnetization factor N

= 0.98 and for H_.]c (O) N _ 0. 6

The normalised flux creep rate

1/Mo.dM/dlnt;

M o = M(t = 100 s).

model. According to this model, the flux lines move as a

result of the driving force which is due to the combination of

flux line density gradient and thermal activation. The

activation energy for flux line motion is given as,s

U = -kT { 1/M o. dM/dlnt} q. The activation energies for flux

Line motion determined using this relation are shown in fig.2.

1

O

12

H=O.2 T

| I i i i

0 9.0 40 60

T, 1[

Figure 2. The activation energy U(T) for H I c (A) and

H..[_c (O) at H = 0.2 T.

(The lines through the data points in both the figures is only

an aid to the eye and does not indicate any perticular

behaviour).

For H I c, U increases monotonically from - 34 meV

at 5 K to - 104 meV at 40 K and saturates. This behaviour

can be understood qualitatively using the formalism given in

ref.5. The activation energy U is assumed to be a linear

function of the driving force F and is given as

U = U 0 - FVX, where V is the activation volume and X is

the pinning length. The driving force F a HvB or HJ o where

Jc is the critical current density at t 0. Hence U(T) can be

represented as U(T) _ U0(T,vB ) - HVXJc(T,vB). The

intercept U 0 is merely a tangential intercept of the true

pinning potential Up versus the field gradient vB curve. As

the temperature increases, vB and J¢ decrease while U o

increases and as a consequence the observed value of U

"increases with T.

As mentioned earlier, the model offers only a

qualitative explanation for U(T). The serious limitations of

the model are as follows; (i) although Up is treated as a

nonlinear function of vB, the net activation energy U is

assumed to be a linear function of F; (ii) the treatment is

valid only in the limit U > > kT, i.e. the flux line motion is

only along the field gradient vB, which is valid only at low

temperatures and high Up; and (iii) it does not take into

account material anlsotropy and variation in the pinning

strengths.
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lol I_ ic,the d:,I/dlntcur_,c[rigA(a)]e×hibi'sa I"-'ak

at _ 30 K. lhis is gencraliy interpreted as the tempera_._re

at which the flux fronts meet at the cenler of the sample)

The activation energy U is found to increase with T only for

F > 30 K, (fig.2) consistent within the description of

zhermally activated flux creep, ttowever the values of U for

F < 30 K cannot be understood even qualitatively using the

above discussed model. The values of U for both the

orientations are in the same range, contrary to the

observation in a YBazCu30 v single crystal. 4 A plausible

reason for the low effective anisotropy is the density and type

of defects in the film. Recently Daemuling et al. _ have

reported point defects as the sources for pinning in single

crystal YB%CU3OT. _.

In conclusion, we find that the magnitude of the

apparent pinning potential U is independent of the

crystallographic orientation and is similar to that reported

earlier. 1 In order to completely understand the nature of

pinning and flux line motion, the field and temperature

dependence of U together with the field dependence of the

irreversibihty temperature are required. The flux pinning in

polycrystalline materials also depends on the method of

sample preparation and hence a knowledge of the

microstructure is needed to determine Up unambiguously.

Preliminary measurements of U as a function of H indicates

that it decreases with increasing H, g contrary, to the model

proposed by Beasley et al.
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Abstract. Samples cf LaAI© 3 rr'ade s, f.ame fusion a:.C the Czochra!ski met,'-od
were subjected to the same temperature cor, ditiGr',s t:-a: they have to undergo
during the laser ad.lation depcsi:ion of VSa:CuaO;__ t.;n films. After oxygen
r-nnealing at 750 :C, tb,e LaAIO_ substrata ,,made bY the two methods experienced
surf, ace roughenir'g. The de_ree cf rou_chenir',g on the sub,rate made by the
Czochralski met:',cd was three t:mes creater than that on the subtrate made by
flame fusion. This excessive suff>se rcu.'_hening may be the origin of the

experimentally observed Ioweri:'g of the critical temperature of a film deposited by
laser ablation on r. LaAIO-, subs:rate made by the Czschrr-!ski m,,ethod with respest
to its counterpart, depcsited on .:_La'-.[O. sudstrate mace by flame fusion.

1. Introduction during the g:owth of YBa:Cu30-__ fi.ims b)last: abia-

High-temperature superconducting (his) :bAn _ms have

be_n grown on LaMO 3 (103) subszrates because or its

lattice match v.-i:h YBazCu30:_ a and its possible suit-

ability for the fabrication of mAcr, owave dexices [I-3].

Since the surfa_ quality of _ke substrate is ve_- knpor-

rant in determining the quaE'.y of the _.-rs film to be

deposited, it is necessary, to know what kind of changes,

if any, can take place on the substrate'_ surface during

wr's film _'ov,-th. For kaGaO3 substra:es, Miyazawa

has shown that their sugace roughened during the

thermal cycling of growing YBa,Cu_O:_6 tNn films

[4]. Since LaA!Oa is isome,--pkic with kaGaO_ and

undergoes a second-order phase transition at 400:C,

one might expect that its surface would roughen as well.

It is well known that for metal-substrate interfaces, the

substrate's surface roughness increases the microwave

losses [5]. Therefore, it is worthwhile to see if this same

effect in the YBa2Cu)O:__-LaAIO_ inte:'face would

cause any degradation of the superconducting proper-

ties of the film.

At present there are two different commercial

methods of making single cr-) stals of kaA103. These are
the Czochralski and the flame fusion methods. The

method of substrate preparation could possibly deter-

mine the extent of surface roughening during thermal

cycling of the substrate. Motivated by this possibility,

substrates made by the two methods and obtained from

different suppliers were subjected to the same thermal

cycling conditions that they would have to undergo

tion. In addition, to determine tee effect of the surface

roughening on the critical temperature of the su2ercen-

duc:ing films, films of YBa,Cu30._ _ were growa on

each type of substrate, with identical _o_-owth conditions.

by laser ablation.

2. Experimental procedures and results

The substrates measured were from two commercial

vendors. Each 500 pm thick substrate was polished en

both sides. The surface roughness of the substrate made

by the Czochralski method (hereinafter called Czoch-

ralski substrate) and of the substrate made by the flame

fusion method (hereinafter called flame fusion substrateJ

was compared before and after annealing. The rough-

ness was measuied by a profilometer and calculated by

taking the root mean square deviation of the distribu-

tion of data points from a smooth cur_e fitted through

the profilometer's data. For measurements before the

annealing, a piecewise, continuous, second-order func-

tion was fitted to the data; [or measurements after

annealing, a straight line was fitted to the data. The

substrates were annealed together at 750_C for 1 h with

a slow cool to room temperature in oxygen.

As can be seen from figure 1, both susbtrates rough-

ened after annealing, although the Czochralski substrate

roughened considerably more than the flame fusion

substrate. For the flame fusion substrate, the average
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Figure 1. Surlace roughness of La.AIO., as measured with a
profilometer belore and after annealing for {a) flame fusion
substrate and (b) Czochralski substrate.

surface roughness before the annealing was _ 103

and after annealing it was _ 530 .&. On the other hand,

for the Czochralski substrate the average surface rough-

heSS before the annealing was _ 130 ._, and after armeal-

ing an order of magnitude greater, _ 1490 A.

-I-kin Elms of YBa2Cu3Ov_ J (_0.61am thick) '_'ere

re'own on the two substrates by a laser ablation tech-

rdque [6-8]. The _owth conditions of films on the two

substrates were the same (see table 1). The T_ of the film

made on a flame fusion substrate was 89.8 K and

exhibited a narrow transition re,on (_0.6 K); while

the film made on the Czochralski substrate had a T¢ of

$5.9 K., a broad transition re,on (_ 4 K), and a tail, as

can be seen in the inset of figure 2. The difference in the

T,, 4.l K, of the two films is approximately eight times

the run-to-run repeatability normally observed for

YBa.Cu_O7_j films grown on SrTiO_ or cubic zir-

conia-

Table 1. Deposition and in situ annealing parameters of
high-temperature YBaaCu307_= superconducting thin films
grown by laser ablation.

Growth temperature ('C) 750
Oxygen pressure (Tort) 0.17
Laser energy density per pulse at larget (J cm -2) 2
Pulses per second 4
In situ annealing oxygen pressure (arm) 1
In situ annealing time to cool down to 50"C (h) 5

_.2 l I I I 1 i 1
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O CzochraJski mere&el O

_0 -- _ O _
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Figure 2. PIo',_ of relative resistance against temperature
for YBa:Cu_OT_j films on (100) LaAIO a made by flame
fusion and by the Czochralski method.

Since two roughening behaviours were obse_'ed in

La_-kIO_ substrates made by the flame fusion method

and the Czochtalski method, we beLieve that the rough-

en.ing _s not due to the intrinsic properties of LaAIO 3 .

The relatively large post-anneal roughening obse_'ed in

the Czochralski substrate could have been caused by

relief of stress created during the g'rowth process or

during the sawing or polishing of the susbtrate. Since

the stress could be manufacturing dependent, no con-

clusion about LaAIO_ substrates made by the Czoch-

ralski method from other manufacturers can be drawn

from this study.

3. Conclusions

We have shown that there is roughening of the surface

of LaAIO3 substrates when subjected to an annealing

pro_ss simiJar to the one that the substrate undergoes

during the deposition of YBa2Cu_Ov_ _ thin films by

laser ablation. The extent of the roughening was much

greater in the sample made by the Czochralski method

than in the sample made by flame fusion. The roughen-

ing of the surface of the flame fusion substrate had no

notioeable effect on the T_ of the film deposited on it.

However, we believe that the 4 K decrease in T, for the

film deposited on the Czochralski substrate may be a

direct consequence of the enormous surface roughness

developed by the substrate during the thermal cycling

involved in the deposition process. Therefore, a careful

testing of LaAJO_ substrates must be performed, before

the deposition of rrrs films by laser ablation, to deter-

mine if their surface roughens as a result of the heating

and cooling cycle invoh'ed in the deposition method.
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Electromigration failure in highly oriented YBa2Cu307 _ _ thin films below the

superconducting transition temperature is reported here for the first time. The film on SrTiO 3

failed at 86 K, 2.3)< l0 S Acm- 2 while that on LaAIO 3 failed at 84 K, 9.3 )< 105 A cm- 2

Scanning electron microscopy and energy dispersive x-ray analysis of the films after

failure shows that Cu migrates preferentially away from the failure region towards the

electrode.

The phenomenon of electromigration (EM) has been

extensively studied in metals and alloys of _l, Au, and Ctl

because of their usage in semiconductor integrated cir-

cuits.l The study of EM in oxide materials had not been

possible earlier because of their poor electrical conductiv-

ity. The recently discovered oxide superconductors, how-

ever, exhibit metallic conduction behavior in the normal

state and when fabricated into stripes of thin film, were

found to carry current densities > 106 Acm- 2 in the su-

perconducting state. 2 It is also known that holes and not

electrons are the major charge carders, 3 and the oxygen

atoms are highly mobile in these compounds. 4 Hence the

study of EM in these materials is important both for basic

understanding and practical applicability. Recently, EM at

200 and 350 *C in YBa2Cu307 _ 6 sintered rods has been

reported? In this letter, results obtained from EM below

the superconducting transition temperature in

YBa2Cu307 - x thin films on SrTiO3 and LaAIO 3substrates

are reported.

In the present work, thin films of YBa2Cu307 _ _ were

deposited onto SrTiO3 and LaA103 single-crystal sub-

strates by pulsed excimer laser ablation. 6 The films, =0.25

/_m, were patterned using conventional optical lithography

and chemical etching into stripes of size 40 #m wide and

2.0 mm long between the voltage contact pads. Very low

resistivity ohmic contacts to the film were obtained by a

thorough cleaning of the film surface followed by an evap-

oration of 0.3 #m Ag onto the pads. The Tc(R=O) for the

film on LaAIO 3 is 88.6 K as compared to 90 K for the film

on SrTiO 3. The transition width in both the films however,

is < 2 K and the critical current density at 77 K defined by

1.0 ;uV cm - 1 is > 106 A cm - 2.

Following the critical current measurements, the cur-

rent voltage (I-Y) characteristics of the two films were

studied. During these studies the samples were biased with

currents which resulted in the development of electric

fields as high as 50 mV cm - 1 along the stripe. However

the time for which such high electric fields were sustained

was very short ( < 60 s). The films were subjected to re-

peated temperature and current cycles during these obser-

vations. Since the temperature range of cycling was only

between 30 and 90 K, thermal stress failure can be ruled

'_National Research Council Associate.

_PDeparlment of Physics, Kent State University, Kent, Ohio, 44242

Appl. Phys. Lett. 58 (7). 18 Februaqt 1991

out. The films on both the substrates failed after =40 h.

The film on SrTiO 3 substrate failed at __ 86 K. The current

density at this temperature was 2.3 × 105 A cm- 2 corre-

sponding to a field of 50 mV cm - i between the two volt-

age contacts. The film on ImAlO 3 on the other hand failed
at _84 K; 9.3×105 Acre -2 and 20 mVcm -1. The sur-

face morphology of the films after they failed was studied

both by optical and scanning electron microscopy and is

shown in Figs. 1 and 2. In both films, failure occurred both

across the main stripe and at the junction between one of

the large current pads and the main conductor stripe where

there is a large change in the cross-sectional area of the

film. The failure pattern at the pad stripe junction is similar
to that observed in the mechanical failure of materials--

initiation and propagation of a crack. The tendency of the

crack-like feature to extend radially outward towards a

current pad is reminiscent of the EM failure pattern in

metals. Close observation of the scanning electron micro-

graphs reveals a macroscopic material displacement at

both the failed regions. A clear material buildup can be

seen along the sides of the crack-like feature and also away

from it. This is similar to that observed in electromigration

failure of metals and alloy thin films--formation of hill-

ocks and voids. 7 In the case of metals and alloys, voids or

cracks are observed at the cathode and material buildup in

the form of hillocks is found both at the anode and along

the length of the conductor stripe. In the present case of

YBa2Cu307- x a clear distinction between voids and hill-
ocks as seen in metals is not observed.

The composition analysis of the film using energy dis-

persive x-ray analysis technique at different points along

the length of the stripe shows several salient features. Far

away from the failure region and towards the seemingly

unaffected current pad, a contour mapping of the three

cations, Y, Ba, and Cu, shows that they are uniformly

distributed over the entire area. However, at the regions of

failure, a clear segregation of the three elements is ob-

served. A very noticeable fact is that there is a relative

depletion of Cu at the failed region on the stripe as com-

pared to that near the current pad.

In the EM studies of YBa2Cu3OT__ at 200 and

350 *C, 5 it was found that the material decomposes into a

number of phases at the anode accompanied by an oxygen

enrichment at the cathode. This has been attributed to the

nature of charge carriers (holes) and also the ease of ox-

ygen diffusion. It is well known from the crystallographic

0003-6951/91/070759-03502.00 _) 1991 American Institute of Physics
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(b)

I-:IG I Scanning electron microscope (SEM) micrographs of electromi-

gration failure in the YBa_,Cu_Ov , film on ( lO0)SrTiO_ substrate: (a) at

the current pad-main conductor stnpejunction. (b) across the main con-

ductor stripe

studies s that the O atoms are primarily in the Cu and Ba

planes. Hence migration of the anion (O) towards the

cathode should lead to the migration of Cu and/or Ba. The

relative depletion of Cu in the middle and an enrichment at

the pad observed in the present work clearly indicates that

the migrating catio n is Cu. The diffusion studies of 63Ni in

YBa2Cu3OT_ 6 thin films in the temperature range 500-

650 "C yielded activation energies and diffusion coefficients

similar to those of Cu self-diffusion, 9 further indicating

that Cu is the migrating cation. The YBa2Cu30 7 _ _ com-

pound is known to be unstable below an oxygen concen-

tration of 5.8 and decomposes into various phases. I° The

conductivity of the decomposed phases varies from metal-

lic to insulating values. Decomposition of YBa2Cu30 7

by EM into various low conductivity phases in the pres-

ence of the high current densities used in these experiments

could lead to a thermal failure known as thermomigration.

The rounding of the walls of the crack-like feature is evi-

dence for possible heating.

Electromigration of atoms, in general, is due to diffu-

sion of the atomic species in the presence of an external

driving force. In the case of thin polycrystalline films, dif-

fusion will be along the grain boundaries and the surface as

the bulk diffusivity will be negligible at low temperatures.

FIG, 2 SEM micrographs of electromigration failure in the

YBazCu,O: , film on (100)LaAIO, substrate: (a) at the current pad-

main conductor stripe junction, (b) across the main conductor stripe

The driving force for electromigration in the free electron-

gas description of a conductor is typically assumed to have

two components: (i) direct force on the charge of the mi-

grating ion due to the applied electric field (E), and (ii)

force due to momentum transfer from the charge carriers

to the migrating atom "wind force."

The average grain size in both the films is <0.25/lm,

which is comparable to the film thickness, and the grains

are preferentially aligned with the c axis perpendicular to

the film plane. However the in-plane alignment of the

grains is known to be random. These factors are known to

enhance electromigration. The residual resistivity fraction,

which contributes to the wind force at the failure temper-

ature obtained by extrapolating the normal-state resis-

tance, is found to be 0.14 and 0.19, respectively for the

films on SrTiO 3 and LaAIO3. These relatively high values,

as compared to metals and alloys together with the micro-

structural features, lead to electromigration failure in the

high-temperature superconducting materials.

In conclusion, electromigration-related failure in

YBa2Cu307 _, thin films has been reported here for the

first time. The phenomenon of EM in oxide superconduct-

ors in general is complex due to the associated phase

changes and decomposition as a function of oxygen con-

140



centration. The grain boundary diffusivity and its anisot-

ropy, if any, are not currently known. Also, since the

normal-state conduction in these materials is completely

different, the driving force for EM cannot be estimated

using the models applicable to metals and alloys. A de-

tailed understanding of the charge distribution and screen-

ing effects is necessary to estimate the driving force. De-

tailed investigation of these factors is currently in progress.
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ABSTRACT

High temperature superconducting films of YBa2Cu307_x (YBCO) were grown on
SrTi03, LaAl03, and YSZ substrates using two techniques: excimer laser ablation
with in-situ annealing and co-evaporation of Y, Cu, and BaF2 with ex-situ
annealing. Film thicknesses were typically 5000 A, with predominant c-axis
alignment perpendicular to the substrate. Critical temperatures up to

Tc(R=O)=90K were achieved by both techniques. Ellipsometric measurements were
taken in the range 1.6-4.3 eV using _ variable angle spectroscopic ellipsometer.
The complex dielectric function of the laser ablated films was reproducible from
run to run, and was found to be within 109 of that previously reported for (001)
oriented single crystals. A dielectric overlayer was observed in these films,
with an index of refraction of approximately 1.55 and nearly zero absorption.
For the laser ablated films the optical properties were essentially independent

of substrate material. The magnitude of the dielectric function obtained for
the co-evaporated films was much lower than the value reported for single

crystals, and was sample dependent.

INTRODUCTION

Ellipsometry of thin films is a non-destructive technique used to
characterize the properties and morphology of thin film materials. It is
particularly suitable for thin films since it is non-destructive, highly_
accurate, and self-normalizing. Recently several investigators have used
ellipsometryto study the dielectric function of sintered pellets [1-4] made from

superconducting materials such as YBCO, CaBi2Sr2Cu208, and MBa2Cu307, where M is
a lanthanide, as well as single crystal YBCO [I,4J. In general, their results
show that the oxygen content has a strong effect on the imaginary part (_2) of
the dielectric function _(E), but the absolute values depend on the sample. For
instance, the measured values of the dielectric function of single crystal
samples when compared show very different values in the literature [I,4]. Thus
there is no calibration spectrum that can be used for further ellipsometric
studies of morphology and/or overlayers. This fact has essentially prevented
any meaningful application of ellipsometry to high temperature superconductors
in the last two years.

In this study we will present the application of ellipsometry to the study
of sample surface, and overlayer nature and growth rate mainly on laser ablated
YBCO superconducting films deposited on several substrates. First, we
demonstrate the detection of the presence of a thin overlayer on laser ablated
films, its refractive index, thickness, and time evolution. Second, we compare,
using SEM and ellipsometry, the surface morphology of YBCO thin films made by
two techniques: laser ablation with in-situ oxygen anneal and co-evaporation

Proc. 2nd Int'l. Conf. on Elec. Mats. _ 1990 Materials Research Society
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with ex-situ anneal. Thus, we show that ellipsometry is a valid technique fer
the evaluation of surface quality in thin HTS films. It is expected that the
above study should lead to extensive application of ellipsometry to the
investigation of the surface properties of high temperature superconductors.

EXPERIMENTAL

Samples were prepared by two me_hods: laser ablation and co-evaporation.

The laser ablation technique [5] was based on an excimer laser working at 248
nm, energy density of 1.5 J/cm=/pulse with 4 pulses per second. The target was
a sintered 25 mm diameter YBCO pellet located 8 cm from the sample at 45° to the
laser beam. The beam was rastered up and down I cm over the target using an
external lens on a translator. The substrates used in this study, namely SrTiO3,

YSZ (yttria stabilized ZrO2), and LaAlO3, were mounted on a stainless steel plate
with a diameter of 63 mm. The plate was heated from the backside by resistive
heating, while a type K thermocouple, welded to the plate, was used for

thermometry. After a preheat to 500 °C, oxygen was introduced into the chamber
and the samples were heated to temperatures at or near 775 °C. During deposition
an oxygen pressure of 170 mTorr was maintained. After deposition the oxygen
pressure was raised to i atm and the temperature was lowered slowly (at a rate
of 2 °C/min) to 450 °C, maintained there for 2 hours, then lowered slowly to 250
°C and finally cooled below 40 °C for removal. The co-evaporation method was
essentially the same as the one described in reference [6]. Two electron guns

were used to evaporate Y and Cu while thermal evaporation was used for BaF2. The
ex-situ anneal step started with wet oxygen for I hour at 875 °C, followed by
a dry oxygen anneal, I hour step down to 550 °C, ! hour at 550 °C, and finally

oven cool down. The critical temperature, TC, was measured resistively using a
four point technique. In some cases the actual samples were tested, while other
times samples made in the same run were measured. The ellipsometric technique
was described elsewhere [7] and will not be repeated here. Analysis of the
results was done mainly using a substrate and ambient model, while in some cases
a substrate, film, and ambient model was applied. Rough surfaces were modeled

by a combination of voids and substrate material using the effective medium
approximation (EMA) [8].

RESULTS

Results reported here were obtained on samples prepared in separate runs
on both the laser ablation and co-evaporation techniques. All samples show c-
axis alignment, with only (OOl) peaks present in the X-ray diffraction pattern.
Altogether 12 laser ablated and 5 co-evaporated films were measured. Data will

be reported only for samples with a Tc(R=O) higher than 82 K. This is
essentially all of the films since a Tc(R=O) higher than 85 K was characteristic
of most of the films, especially in the case of the laser ablated films. The
thickness of the films was typically 5000 &, thus ensuring that it was much
larger than the optical penetration depth. Several measurements at different

angles of incidence, in the range 65°-75°, were performed for all samples. The
measured ellipsometric parameters tan(_) and cos(h) were used to calculate the
dielectric function, E, directly.The results gave essentially the same value of
the dielectric function, _, independent of the angle of incidence for the samples
shown here. Results for E for four representative samples made by laser ablation
are compared with that of single crystal YBCO [4] in Fig. I.
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FILMS AND A SINGLE CRYSTAL YBCO [4],

All laser ablated samples, irrespective of the substrate material, gave

dielectric functions with very similar shapes. However, some of them gave
absolute values lower than the majority. The lowest e(E) values obtained for

any laser ablated sample are shown in Fig. 2, labeled "before Q tip cleaning".

bJ

uJ

o

i.,3

_4

0
c4

0

u3

o

0
0

- _-2",,

!

E 1

_ /,'/_ --"------/ E 2

b_fore Q Up cleaning

...... after Q tJp ¢leanlng

I 1 I I I

.50 2.00 2.50 3.00 3.50 4.00 4.50

E, eV

FIGURE 2. - DIELECTRIC FUNCTION OF A LASER ABLATED

FILM BEFORE AND AFTER MECHANICAL CLEANING.
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In the course of making electrical contacts to the laser ablated films, we found
that the quality of the contacts is poor. A solution to this problem was
mechanical cleaning of the surface. This fact is related to the result
previously reported for YBCO, namely the interaction with air to produce BaCO3
and Ba(OH)2 [9-11]. The Ba(OH)2 is formed only as an intermediate step to the
BaCO 3 formation, with grain boundaries covered primarily by BaC03 [9-11].

Mechanical cleaning with a Q tip removed a small amount of white film from the

samples with low values of the dielectric function. Fig. 2 displays _ before

and after mechanical cleaning. Cleaning was done with the sample in the

ellipsometer, with dry nitrogen flowing for the measurement. The difference

Detween these two spectra was analyzed as follows: _(E) after mechanical

cleaning was assumed as the calibration _(E), while the result for _(E) before

cleaning was analyzed as substrate-dielectric film-ambient. The refractive index

of the 72 A film was found to be 1.55. Moreover, it is not a function of energy,

i.e., it does not have dispersion in the visible. This fact shows that the

overlayer is an insulator. This value of the refractive index and the co]or are

in good agreement with published data [12] for BaC03, not Ba(OH) 2. The BaCO 3

film growth rate in air, at temperatures around 20 °C, was studied by measuring

the film thickness versus time. Measurements started immediately after the

mechanical cleaning and lasted 480 hours. The final thickness was 35 A, showing

a rather slow growth rate, of the order of 1.5 A/day, for this sample. We found

that the quality of e]ectrical contacts made by silver evaporation and annealing

in oxygen depends on the thickness of the dielectric layer. In the worst cases,

the silver contact would peel off the sample when a small force was applied.
Results of _(E) functions of cleaned samples show much less variation in absolute

value versus the original measurements.

Dielectric functions of two co-evaporated samples are shown in Fig. 3.
((E) in this case is sample dependent and bear small similarity to the single

crystal result. SEM micrographs of the films show the presence of voids on

otherwise dense films. In addition, the films show more roughness on the surface

as compared to the laser ablated films which have <0.25 #m surface roughness as
seen by SEM.
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We tried to describe the morphology by the EMA method [8], i.e. using a
combination of voids and YBCO. The free parameter used was the void volume

fraction, f. A test of the quality of this mode) is given in Fig. 4, where the

best value of f (25.82) was used to generate _ and A, and compared with the

experimental results. The quality of the fit is only moderate, showing that this

model is marginally applicable. We obtained large void fractions typically
around 20-259.
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DISCUSSION

Evaluation of a dielectric function for ellipsometric characterization

purposes requires an absolutely perfect surface. As YBCO reacts with air, and

the surface morphology of this new type of material is not completely under

control, the ¢(E) determination is not a simple matter. Our results show a

scatter just below 102 among themselves and versus the single crystal result.

The best analysis of the overlayers, which are below 10 A in many cases, is

reached when the _(E) of the cleaned sample is used as the substrate ((El, i.e.

not by using a universal E(E) function. In this way surface irregularities do

not interfere with the overlayer analysis. The fact that our results are so

similar to the single crystal result of reference [4] shows that the laser

ablation technique gives smooth crystalline films and that the E(E) given in [4]

is for a good quality single crystal. The overlayer, probably BaC03, was shown

to grow very slowly. However, we believe that the growth rate depends on the

stoichiometry of the material on the top surface layer. Thus, the experimental

growth rate measured here is only for one particular case, obtained for a high

quality crystalline film.
The EMA analysis of the co-evaporated films was not completely success-

ful. The reasons for this, in our opinion, are mainly the complex nature of the

surface roughness, and, to a lesser extent, the imperfect stoichiometry on the
surface of these films. We expect the void fraction to be a function of depth,

with lower values of f as we move into the film. These facts, along with the
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anisotropy of the material, result in a dielectric function that is probably
different from our calibration function.

CONCLUSIONS

We obtained reproducible results for the dielectric function on fully c-

axis aligned samples. In absolute value, this result is very similar to the
function obtained for (001), platelet-like, free-grown, single crystals [4].
The differences are smaller than 10_ at any value of the spectrum. We used our

result as the calibration spectrum for subsequent studies, although the single
crystal result of reference [4] is probably just as reliable. An overlayer of
BaCO3 was measured on top of these films and its growth rate was determined.
Results of the overlayer properties analysis compare favorably with the
literature. The comparison of the ellipsometry and SEM studies shows that
smoothness and density of the film surface are the crucial parameters in the
ellipsometric results on YBCO films. At present, ellipsometry has been shown
to be useful to the study of laser ablated YBCO films. More work is needed to
assess the application of this technique to the study of co-evaporated films.
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Millimeter-wave surface resistance of laser-ablated YBa2Cu307_ a

superconducting films
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We have measured the millimeter-wave surface resistance of YBazCu307 _ a superconducting

films in a gold-plated copper.host cavity at 58.6 GH-z between 25 and 300 K. High

quality laser-ablated films of 1.2 pm thickness were deposited on SrTiO3 and LaGaO3

substrates. Their transition temperatures (Tc's) were 90.0 and 88.9 K, with a surface

resistance at 70 K of 82 and 116 mfl, respectively. These values are better than the values

for the gold-plated cavity at the same temperature and frequency.

The characterization of the new high transition tem-

perature (To) superconductors at millimeter-wave frequen-
cies is necessary in order to determine their suitability for

practical microwave applications. A parameter of these
new materials which directly provides this information is

the surface resistance (R,). The R, of high quality

YBa2Cu307 _ a superconducting films deposited on various
microwave substrates has been measured at different fre-

quencies and temperatures by several researchers, t_ To the

best of our knowledge, however, no measurements have

been reported at frequencies around 60 GHz. In this letter

we report on the first measurements of the millimeter-wave

surface resistance at 58.6 GHz of two predominantly c-axis

oriented polycrystalline YBa2Cu307 _ 8 films deposited on

SrTiO 3 and LaGaO 3 by pulsed laser ablation.

The pulsed laser ablation technique is similar to that
used by other researchers, s'6 The deposition was performed

at a substrate temperature of 750"C and an ambient oxy-
gen pressure of 170 mTorr. The laser wavelength was 248

nm, the pulse length was 20-30 ns, and the pulse rate was

4 pulses per second. The distance between the target and

the sample was kept at 7.5 cm, and the laser fluence on the
target was maintained at 2.0 J/cm _ per pulse. During the

deposition process, the laser beam was scanned up and

down 1 cm over the target using an external lens on a

translator. At the end of the deposition process, the oxygen

pressure was raised to 1 atm, and the temperature was

lowered to 450 *C at a rate of 2 *C/min. The temperature
was held at 450 *C for 2 h before it was lowered to 250 *C,

also at a rate of 2 *C/rain. The heater power was turned off,

and the sample was allowed to cool down to 40 *C or less
before it was removed from the chamber. A more detailed

explanation of the deposition technique can be found in
Ref. 7.

The hlms were analyzed by x-ray diffraction, dc resis-

tance versus temperature measurements, and scanning

electron microscopy (SEM). The dc resistance was mea-

sured using a standard four-probe technique. Zero dc re-
sistance was attained at 90.0 and 88.9 K for the films on

SrTiO 3 and LaGaO 3, respectively (see Fig. 1). A typical
critical current density for films on SrTiO 3 at 77 K was

2 × 10b A/cm 2 when using the I l_V/cm measurement cri-

teria. The resistivity at 300 K for the films on SrTiO 3 and
LaGaO_ was 130+30 and 220+50/alq cm, respectively.

The uncer_ain¢ies arise from the irregular geometry of the

samples and uncertainties in the film thicknesses. The x-ray

diffraction pattern revealed that both films are predomi-

nantly c-axis oriented. Figure 2 shows SEM micrographs
for the two films under study, which indicate that both
films are polycrystalline.
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FIG. !. dc resistance vs temperature measurement of laser-ablated

YBa2Cu_O _ _ _ superconducting films on SrTiO_ and LaGaO3 substrates.
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(a)

(b) 10 I_rn

FIG. 2. Scanning electron micrographs of laser-ablated YBa,Cu_O7 ,_

superconducting films on SrTiO_ (a) and LaGaO_ (b) substrates.

The surface resistance R s is measured by looking at the

change in the Q factor of a cylindrical, TEol 3 mode, gold-

plated copper cavity operational at 58.6 GHz when one of

its end walls is replaced by the superconducting film sam-

ple. Using an HP-8510 network analyzer and the Ginzton's
impedance method, B'9 the Q factor for the cavity is deter-

mined from the reflection coefficient. The Q factor is de-

finedas

Q = to0 (maximum energy stored)/power loss

_2 _ooe__ Rs (1

where l is the length of the cavity, a is the radius of the

cavity, f is the frequency, Jo and Jl are normal Bessel func-

tions, q0t = 3.8317 is the first zero of J_, and n is the lon-

gitudinal mode number. When one of the cavity's end walls

is replaced with the sample, the Q factor becomes

(2_'laf)SEfo[ - Jo(qo_)J2(qo_) ]
Q2 = 3 2 2

Rsl[2l qo_J_(qot) ] - 2('n'n)2aSJo(qot)J2(qol)(Rst + Rs2)

(3)

where Rs2 is the surface resistance of the superconducting

sample and R_ is the surface resistance of the other cavity

walls. Hence, the surface resistance Rs_ of the metal is

obtained from Eq. (2) by measuring the Q factor of the

bare cavity (QI), and then Rs2 is computed from Eq. (3)

by measuring the Q factor with the sample in place (Q2).

In Fig. 3 the measured Rs(T) curves for the two films

under consideration are shown. Also plotted is the exper-

imental surface resistance of the gold-plated reference cav-

ity for comparison. The R_ for the two films is comparable

in the normal state, while the R s of the film on SrTiO 3

decreases faster than that for the film on LaGaO 3 at tem-

peratures just below T c. Using the normal skin depth for-
mula Rs = (_o#0p/2') _/2, we obtained values for the resis-

tivity, p, and skin depth, _, at 300 K of approximately 118

#fl cm and 2.3 tam for the film on SrTiO3 and 158 #ll cm

and 2.7 #m for the film on LaGaO3. Note that the strong

"oscillatory" behavior of R_ as a function of temperature in

the normal state, observed for films on SrTiO 3 by other
researchers, 3 was not observed in our case. This is not

unexpected due to the greater film thicknesses employed
here.

In the superconducting state, the films on SrTiO s and

LaGaO 3 exhibit a drop of R s to effective values of 103 ± 15

and 144±20 ml! at 77 K, and 82± 15 and 116±20 m12 at

70 K, respectively. The surface resistance at 77 K for the

film on SrTiO3 is less than that of the gold-plated cavity,
while for the film on LaGaO3, R_ is the same as for the

where R_ is the surface resistance of the cavity walls, S is
the inner surface of the cavity, V is the volume of the

cavity, and H, is the tangential field. Integrating Eq. (1)

we obtain that the Q for the bare cavity is given by

2
( 27rlaf)- e#o[ -- Jo(q0t)J-'(qot) l

R_[ 2l-q?)lJ6(qo ) - 4 ,rr"an'Jo(qo I )J2(qol) ]
(2)
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FIG. 3. Surface resistance (R_) at 58.6 GHz vs temperature for 1.2 #m
films of YBa2Cu307 _ a deposited by laser ablation onto SrTiO 3 (C) ) and
LaGaO3 (U) substrates, and for the gold-plated cavity (_).

gold-plated cavity. Since we are operating at a fixed fre-

quency, we cannot study the frequency dependence of R_

directly from our measurements. Nevertheless, a compar-

ison with R, values reported by other researchers in similar

types of films and al different frequencies, may be helpful

to formulate a frequency dependence trend for R_. Thus,

using the results obtained by Klein et aL 1o for c-axis tex-

tured layered samples of YBa2Cu30 _ _, and fitting their

data to a quadratic frequency dependence for R_ give an R_

value of 102 m12 at 58.6 GHz and 77 K. This value agrees

very well with our experimentally obtained value of 103

ruff at the same temperature. An analog approach was

used for our film on LaGaO 3. Using the data reported by

Cooke et al. 4 for a YBa2Cu307_ 6 superconducting film

deposited by magnetron sputtering on LaGaO 3, an inter-

polation of R, between their reported values measured at

22, 86, and 148 GHz and at 70 K was performed. The

resulting R_ value of 106 mfl at 58.6 GHz compares favor-

ably, within experimental error, with our value of 116 m12

at the same frequency and temperature. This result indi-

cates that our value fits well with the nearly quadratic

dependence for R_ (R_ ,x ca", n = 2.06 _ 0.14), as reported

in Ref. 4. The results obtained from this correlation are

very consistent with the experimental behavior observed in

low T_ superconductors and also with the predictions of

the Bardeen--Cooper-Schrieffer (BCS) theory.

In conclusion, the surface resistance of preferentially

c-axis oriented polycrystalline YBa2Cu3OT- a super-

conducting laser-ablated films has been measured at 58.6

GHz via a TErn3 cavity wall replacement technique. The

values of R_ obtained for the films on SrTiO 3 and LaGaO_

at 77 K are less or equal to that of the gold-plated cavity.

A comparison of the R_ values obtained for both films with

values for similar films measured by other researchers at

different frequencies shows that our values are consistent

with the frequency dependence for R_ observed in classical

superconductors and with the predictions of the BCS the-

ory.
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